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FLAPPING RESPONSE CHARACTERISTICS OF HINGELESS ROTOR RLADES BY

A GENERALIZED HARMONIC BALANCE METHOD

David A. Peters
and
Robert A. Ormiston

Ames Research Center, NASA
and
U. 8. Army Air Mobility RED Laboratory

SUMMARY

Linearized equations of motion for the flapping response of flexible
rotor blades in forward flight are derived and used for calculating thrust and
moment response derivatives of hingeless rotors. The equations are based on
linear, quasi-steady, strip-theory aerodynamics neglecting induced downwash
but including the effects of reversed flow and compressibility. Lead-lag
bending, torsional deformations of the blade, and unsteady hub motions are not
included in the basic equations. The blade equations are extended in an
appendix, however, to include unsteady aerodynamics, nonuniform inflow,
unsteady hub motions, and unsteady control inputs. The differential equations
of motion for the generalized coordinates of the blade bending modes are
solved using a harmonic balance method. The method is generalized in matrix
form so that the system of differential equations may be transformed by appro-
priate Fourier operators into algebraic equations for the harmonics of the
blade flapping response. Analytical and numerical results are presented for
use in determining rotor response derivatives for the thrust, pitch moment,
and roll moment with respect to collective and cyclic pitch and rotor shaft
angle of attack for a variety of different system parameters. Simple analyti-
cal expressions for the derivatives are presented that are valid at low
advance ratios for a rigid, spring restrained, centrally hinged blade repre-
sentation. A series of numerical results are presented for a typical hinge-
less rotor configuration to illustrate the basic response behavior as a fune-
tion of each of the four main system parameters. Results are also presented
to indicate the range of validity of a series of approximations for the blade
equations of motion., Truncation errors, reversed flow, compressibility, and
approximate mode shapes are examined in detail. Supplementary charts and
tables of the rotor response derivatives are presented in an appendix to
facilitate rapid estimation of the derivatives for pPreliminary design purposes.

INTRODUCTION

The hingeless rotor, although not a recent development, is finding
increasing application for helicopters and low disk-loading VTOL aircraft,
Because of its special configuration, it offers several advantages over



conventional articulated rotors. The basic difference between hingeless and
articulated rotors is in the attachment of the blades to the hub. The blades
of the hingeless rotor (also called the rigid rotor or nonarticulated rotor)
are attached directly to the hub without the flapping and lead-lag hinges of
articulated rotors. The feathering hinge, or bearing, 1s usually retained to
control the blade pitch angle. Eliminating hinges simplifies the rotor
mechanically and can potentially reduce weight and aerodynamic drag. Further-
more, the cantilever blades transfer aerodynamic bending moments to the hub
and thus, unlike hinged rotors, produce large rotor hub moments. This hub
moment capability provides the hingeless rotor with much higher control power
and angular damping than is available with articulated rotors; as a result,
the flying qualities of a hingless rotor helicopter may be improved substan-
tially. However, the increased hub moments of the hingeless rotor can also
produce undesirable effects. For example, pitch and roll cross-coupling,
1ift-roll coupling, static angle-of-attack instability (pitch-up), gust sensi-
tivity, and rotor vibratory moments are all increased, especially at high
speeds and for configurations having blades with high flap bending stiffness.

This report presents a detailed and comprehensive study of the basic
hingeless rotor response characteristics. The properties noted above influ-
ence mainly the stability and control characteristics or flying qualities of
hingeless rotor helicopters. Therefore, the response characteristics of
interest are the rotor derivatives (also called stability and control deriva-
tives), which are defined as the partial derivatives of the steady-state force
and moment response of the rotor taken with respect to control inputs or
changes in the rotor operating condition. In the present context, response
characteristics can also include derivatives of the harmonics of rotor forces
and moments and also frequency respomse from harmonic control inputs. This
report does not deal with the stability of transient rotor responses.

The purpose of the report is to provide a basic understanding of hinge-
less rotor response characteristics and to improve the accuracy of calculating
these response characteristics. Linear partial differential equations are
presented for the flapping motion, thrust, and root flap bending moment of an
elastic rotor blade using linear aerodynamic theory that 1is valid for forward
flight. The equations are reduced te modal form by the Rayleigh-Ritz method
and solved by a generalized matrix formulation of a harmonic balance method.
The basic response behavior of typical hingeless rotor configurations is
described in terms of the basic system parameters: advance ratio, fundamental
blade flapping frequency, Lock number, and pitch-flap coupling., The sensitiv-
ity of hingeless rotor response to approximations in mathematical and struc-
tural modeling is examined in detail and the limits of accuracy for commonly
used assumptions are established. Finally, tabulations of several important
rotor derivatives are included for a range of typical hingeless rotor con-
figurations. Only the basic derivatives for thrust, pitch moment, and roll
moment in response to collective pitch, longitudinal and lateral cyclic pitch,
and angle of attack are comsidered. It is not intended to provide all force
and moment derivatives necessary for a quasistatic flight dynamics analysis.

The need for the present study is based on the following: First, the
stability and control derivatives for hingeless rotors are larger and more



sensitive to configuration parameters and operating conditions than are the
derivatives for articulated rotors. These properties are therefore crucial

to the design of hingeless rotor helicopters, and it is particularly important
1o have a comprehensive and general understanding of them. Second, several
different approximate mathematical models of the hingeless rotor have been
developed. The validity of these methods has not been adequately established
and further attention is required. Third, no published references contain a
comprehensive description or tabulation of the primary hingeless rotor
derivatives for a broad range of basic configuration parameters. Most avail-
able references are limited to the development of methods for estimating
derivatives or evaluating the accuracy of various approximate methods.

Several proprietary methods have been developed for predicting hingeless rotor
derivatives for design purposes, but these sophisticated techniques usually
yield only limited information and are not practical for producing sufficient
results to illustrate the basic properties of hingeless rotor derivatives.

Several previous investigations of hingeless rotor response character-
istics are available in the literature. A significant part of these investi-
gations pertains to the development of approximate mathematical models for
the hingeless rotor. A brief review of this literature illustrates the fac-
tors involved in these approximate mathematical models and will help to
introduce the subject of this report.

In one of the earliest investigations (ref. 1), at low advance ratios,
Payne described some general features of a centrally hinged, rigid blade with
hinge restraint, a configuration similar in many respects to the hingeless
rotor. The high control power and damping were noted and the variation of
moment response with hinge restraint was studied.

Young (ref. 2) developed a simplified theory for use in preliminary
design, where the flapping motion of an elastic blade was approximated by a
rigid blade with an offset flapping hinge and spring restraint. The offset
distance and spring stiffness were determined by the fundamental nonrotating
and rotating frequencies, respectively, of the elastic blade. Young also
described the increased control power, angular damping, and pitch/roll
coupling of the hingeless rotor. .

Sissingh (ref. 3) investigated the response characteristics of the .
hingeless rotor at high forward speeds. A centrally hinged, spring-restrained,
rigid blade model was used and the effects of reversed flow on the periodic
coefficients of the flapping equation of motion were included. Solutions
obtained with an analog computer showed the sensitivity of response for vari-
.ous values of Lock number and blade flapping frequency at high advance ratios.

Bramwell (ref. 4) developed a simplified method for determining the sta-
bility derivatives of a hingeless rotor helicopter. A rigid blade with an
offset flapping hinge was used and charts were Presented for obtaining the
rotor force and moment derivatives. Unlike Young, Bramwell chose the hinge
offset based on the fundamental flap bending mode shape of the elastic blade;
that is, the rigid blade was assumed tangent to the elastic blade at the rotor



blade tip. Little discussion on hingeless rotor properties was given except
to note the typical high moment response.

Shupe (ref. 5} and Curtiss (ref. 6) investigated additional refinements
of the mathematical modeling. It was found that nonuniform downwash created
by rotor hub moments could substantially influence the control power and
damping. Shupe also showed that the offset hinge, rigid blade model of Young
would lead to moderate inaccuracies as a result of aercodynamic approximations
inherent in the choice of the blade mode shape, and that the rotor hub moments
should be expressed in terms of integrated aerodynamic and inertial forces
rather than the local internal elastic moment in the blade. Finally, using
the elastic blade equations, Shupe studied the effects of the second flap
bending mode {meglecting coupling with first mode bending) and found a sig-
nificant effect at moderate advance ratios (0 ¢ 0.5).

Ormiston and Peters (ref. 7) investigated further the effects of approxi-
mate blade flapping mode shapes and higher flap bending modes using methods
developed here. These results show that approximate modes are less accurate
as the flapping frequency is reduced and that the effects of second mode flap
bending are unimportant for low and moderate advance ratios.

Sissingh and Kuczynski (ref. 8) investigated the effects of torsion on
the stability and flapping response of hingeless rotor blades. Except at very
high advance ratios or for configurations with low torsiomal frequency or
nearly resonant flap and torsion frequencies, the effects of flapping/torsion
‘coupling were found to be small. '

Hohenemser and Yin (ref. 9) showed that the importance of the second
flapping mode found by Shupe was due to the neglect of the coupling terms
between modes. 1In addition, a few results for blades with tapered mass dis-
tribution were presented.

Huber (ref. 10) investigated the combined effects of torsion, lead-lag
bending, and flap bending on the stability and control characteristics of
hingeless rotor helicopters. A rigid blade with offset hinges was used and
the equations of motion were solved by numerical integration because of the
nonlinear coupling of bending and torsion as well as nonlinear airfoil aero-
dynamics. It was found that the torsion and lead-lag degrees of freedom can
be important for hingeless rotor response. However, the usual procedures
for linearizing the nonlinear torsion temms permit them to be expressed as
effective pitch-flap and pitch-lag couplings, of which the predominant effect
on the rotor response is produced by the pitch-flap coupling.

The mathematical model used here is simplified with respect to certain
structural and aerodynamic details. This simplification is necessary to pro-
vide comprehensive results for a range of configuration parameters without
obscuring the basic results with less important details or causing the number
of independent variables to increase unreasonably. The structural model
considers the elastic blade flapping deflections {perpendicular to the plane
of rotation) in terms of an arbitrary number of elastic modes. The rigid
blade with offset hinge is included as a special case. Coupled lead-lag



(parallel to the plane of the rotation) and torsional deflections can be
important for hingeless rotor response, but they are not included here. The

"~ prinecipal effect of this bending/torsion coupling can be obtained from the

present results if an equivalent linear pitch-flap coupling is determined
following reference 10. The aerodynamic forces are based on linear, two-
dimensional, steady airfoil theory, including reversed flow and compressibil-
ity but neglecting aerodynamic drag, pitching moments, and nonlinear airfoil
stall. These effects are important only for extreme operating conditions and
are not required to study the basic response characteristics of hingeless
TOtors.

The blade flapping equations are solved by first expressing each general-
ized coordinate of the elastic blade flapping motion by a Fourier series.
Since the periodic coefficients of the equations and the forcing functions can
be expressed as known Fourier series, equating terms of like harmonic content
results in a set of linear algebraic equations for the unknown coefficients
of the assumed Fourier series. This method, referred to here as the harmonic
balance method,has traditionally been used to solve for articulated rotor blade
flapping response. Usually only one or two harmonics were used for the flap-
ping motion of a rigid, hinged blade (refs. 11 to 15) (although ref. 16 treats
the flap, lead-lag, and pitch motion of a rigid blade}, so that closed-form
expressions for first harmonic flapping response could be obtained. These
results are useful for low advance ratios, and illustrate the basic dependence
of rotor response on the system parameters. For higher advance ratios,
reversed flow effects are important, the second and higher harmonics of the
flapping motion are required, and numerical solutions become necessary.

For hingeless rotors, the number of unknown coefficients to be determined
by the harmonic balance can be substantially increased by the generalized
coordinates of higher bending modes and by the higher harmonics required at
moderate to high advance ratios. The harmonic balance method presented here
is generalized through matrix techniques., This allows a practical and effi-
cient numerical solution of the blade equations even when the number of
unknown coefficients is large. The method is also applicable to other linear
systems that have nonanalytic periodic coefficients, with an arbitrary number
of harmonic control inputs or forcing functioms. In this form, the method
could be applied, for example, to the flap, lead-lag, and torsional motions of
several rotor blades (as well as the dynamics of fuselage motion and feedback
control systems), including unsteady aerodypamics.

BLADE FLAPPING EQUATIONS

Linear equations are derived for the flapping motion of a rotating elas-
tic blade including the aerodynamic forces for forward flight conditions. The
equations represent a simplified model of the hingeless rotor, but one that is
sufficiently accurate to illustrate its fundamental response characteristics.
Not included are lead-lag and torsional deflections, nmonlinear airfoil aero-
dynamics (such as stall), and nonlinearities due to large deflection
amplitudes.



The derivation of the equations is performed in two steps. First, the
energy equation for a rotating beam with distributed forces is derived and
then reduced by the Rayleigh-Ritz method to a system of ordinary differential
equations in terms of the generalized coordinates of elastic bending modes.
Since these equations are available in the literature (cf. ref, 17), only a
brief derivation is given. The present treatment is sufficiently general to
accommodate both cantilever blades and hinged blades with spring restraint
about the hinge. A rigid blade with the hinged boundary condition is often
used to approximate an elastic cantilever blade.

Second, the aerodynamic forces acting on the blade are derived. Linear,
thin airfoil theory is used; velocity components parallel to the blade radial
axis, unsteady aerodynamics, and wake-induced downwash are neglected.
Reversed flow effects and Prandtl-Glauert compressibility corrections are
included.

Rotating Beam Equations

Degcription of model— The physical model adopted for the helicopter rotor
blades is a beam rotating with angular velocity & as illustrated in
 figure 1. The beam is taken to be infinitely rigid inboard of the flapping
hinge (r < ¢) and flexible outboard of the
hinge. Only deflections normal to the plane
of rotation (w) are considered. The beam is
wy) Testrained at the flapping hinge by a root
spring KBA For a completely hingeless rotor,
AJ Kg + = . "The beam has variable section pro-
T perties (e.g., EI, m, c) and may also have a
root cutout (r < Re,.) where aerodynamic
j forces are negligible

Fr)

Lagrangian— The Lagrangian for a beam
that performs small vertical motions is given

c by the kinetic energy of the system minus the
Figure 1.- Rotating beam potential energy in the strain field, tension
geometTy. field, and external spring. If the beam is

taken to be infinitely rigid for r < ¢ the
Lagrangian may be expressed as

R 2 2 2
L 2 dt 2 at 2 572
£
2 5 2
1 aw 1 W
el 1),
T=c

£(x)dr - £, (1)

E..c
H

i}
e
v



where J; is the Lagrangian; r, the radial distance along the blade; R, the
tip radius; m, the mass per unit length; w, the vertical displacement from the
static position; t, time; EI, the bending stiffness; T_, the radial tension
force; ¢, the azimuth angle; and K,;, a root spring. %he function £(r) 1is
defined as the integrand of equation (1), and is the difference between the
potential and kinetic energy per unit length. The function f, defined as
(1/2)Kz(3w/31) 2., is the potential energy in the root spring.

The equations of motion are obtained by adding the first variational
(including time) of the Lagrangian and the work done by external forces,
setting the sum to zero, and integrating by parts:

R
’f 3 af 3 5f 32 of
o _ 2 - + + F(r}|dr Sw
'[ [B‘W at S[BW./Bt) or 3(ow/3r) 512 3(32‘&/,31'2) ]
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+ o § — Sl—
9 (ow/or) wla * 332w/ ar?) (Br)

R f
RN} SES 39

9T 5 92w/ 512)

R
.- 8(£) =0
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where F represents the external aerodynamic forces in the direction of w.
The integral term in equation (2) yields a partial differential equation for
the blade motion w. The nonintegral (or trailing) terms, on the other hand,
supply the appropriate boundary conditions of any particular problem. Apply-
ing the definition of £(r) in equation (1) to the first variational in
equation (2) yields

R 2 ) 2 R
W, 2 (?r Eﬂ) S8 e Y. reoyfar oW - T %E-Gw )
at? 9T ar 3r? ar? T

E

2
-~ EI guﬂ.a(gi
3T2 ar

R 2
. Ji-(EI E—E)aw
ar o

R oW dw _
£ ar =€

For a beam rotating with constant angular velocity @ and having a free tip:

R dT} R ay
= N2 _ - o= = T
T, = Q ./. mn dn , g mri- , Q it (4)

r

Setting the integrand of equation (3} to zero yields the differential equation
for the small vertical oscillations of a rotating beam under the influence of

general external forces; setting the tralling terms to zero yields the appro-

priate boundary conditions.



Rayleigh-Rits method— The Rayleigh-Ritz method uses the expansion theorem
for linear systems (ref. 18), which implies that the response w(r,t) can be
separated into a sum of products of functions of r only and functions of t
only:

J
W= R z 8, (1)a () (5)
i=1

where ¢.(r) are modal functions and q.(t)} are generalized coordinates.
Althoughjthis formulation does not necegsarily uncouple the solution for each
q., the linearity does ensure that the series will converge as J becomes
lgtrge. The modal functions ¢; are chosen as any complete set of linearly
independent functions {provide& they satisfy certain geometric boundary con-
ditions and are piecewise twice differentiable). For solution by the Rayleigh-
Ritz method, equations (4) and (5) are substituted into equation (3). Since

J )
dw = R .E ¢j(r)6qj
=1 ! 6)
S do.
awy _ 1
() St
. j=1 .

and because equation (3) must vanish for arbitrary d&qj, there will be J
equations for the unknown generalized coordinates q3 (one equation for each
6qj coefficient). The J equations are

J R a2 d d2 R
2 ¢ b b
R2 % . d (EI 3) + Q%mrd. a—l-— 224, —2 ﬁl. mn dnidr q.
. L oar2 dr? 1T Loar J
J:]_ c T
R dij , d¢j R R d¢, d2¢j R
b, d 02le. —= d El )
’ f M0 e @ f B 1 A T
£ T
d d2¢j R d¢i d¢j R
- ¢. =— {EI R G .2=R Flr)dr , 1=1,J
2] dr ar2 /e q] 8 dr dr peg q] _I. 3 (r)dr '

[
(7)

and when the coefficients of q; are collected, equation (7) can be expressed
as



J 1
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Equation (8} gives the linearized, dimensionless flapping equations of motion
for a rotating beam written in terms of the generalized coordinates gq;. The
matrices defined in equations (9) have been simplified by placing all %erms
within the integral. This yields the same result as applying Galerkin's
method (with trailing terms) to equation (1). The coefficients mj: and Kij
form the generalized mass and stiffness matrices for a monrotating %eam.

The coefficients P-.; form the centrifugal stiffness matrix due to rotation.
The function F(r) 15 the dimensionless aerodynamic force acting on the blade.



Root shear and moment— The thrust and moment response of a rotor is
determined by summing the root shears and moments of each individual blade.
The root shear and moment (V and S) for each blade in the rotating coordinate
system can be expressed either in terms of internal elastic forces or as inte-
grals of the blade aerodynamic and inertial loading. Interms of the elastic

forces, e \
2
Vv Ji-(%l E—E) + F(r)dr
ar 81‘2
T=c 3

r(%I Bzw) ) |
| 2 r 10
| ar . , e (10)
s = or v e fr1 2V + F(r)r dr
(T ar Brz A
r=¢

(%), )

In terms of the integrated loading, the shear and moment are

B

R R )
» )
V= - m 2 ar 4 F(r)dr
2
[ T ¢
| (11)
R R |
azw 2
§ = - m{ —— + Q*wlr dr + F(r)r dr
at2

° J
The two formulations given in equations (10} and (11) can differ in
accuracy when w is approximated by a truncated orthogonal expansion such as
equation (5). In general, the accuracy of equations (10) can be increased by
choosing the actual mode shapes of the beam as the modal functions; but the
accuracy of equations (10) is generally not as good as that of equatioms (11).
This difference in accuracy can be attributed to two factors: (1) equa-
tions (11) contain F{r) explicitly while equations (10) contain F(r)
implicitly as a series expansion and (2} the errors involved in truncating
d3¢/dr? and d24/dr? in equations (10) are greater than the errors involved in
truncating the lower derivates ¢ and d¢/dr in equations (11). For this

reason, the integrated loading equations {11} for the root shear and moment 1s
used.

The shear and moment may also be expressed in terms of the generalized
coordinates 93 by substituting equation (5) into (11):
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After the terms
become

where

and ¢

X

i}
I

are made

1
I

2]
ni

is the solidity for one blade only (o =

[~ R dzq ) R

Q%R m$. dr J

- £ 0

B R d2q

Q2R mr¢. dr J . 22q
A J At

F{r}dr

s (12)
R

+ F{r)r dr

dimensionless, the shear and moment expressions

1t

1
C, Iy o
—_— S.q. + F dr
oa z : bR
J=1 0

Cs % .
—— - m . .+ - +
Sao nG ey
5=1 0
T =Y ‘
v paCR392
= _ S
Cs = 402
pacR™G
1 1 f
Sj = m mqu dr
o
1
m, = — nt. dF
yi =~ pacR i ;
e

¢/TR).

; (13a)

(13b)

Equations (13} thus

give the shear and moment coefficients as functions of the generalized
coordinates and generalized forces.
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Boundary conditions— To apply the above equations to a particular blade
configuration (hingeless or articulated), the boundary conditions implied by
the trailing terms in equation (3) must be considered carefully, They must
vanish independently from the integral term in equation (3) because the
variational 6w 1is arbitrary. It follows that four boundary conditions must

hold:

2
B pr 3V ¢ Mlsw =0 (r = e,R)
ar 8p2 T 9r
2— 1
ng—w~ﬁlua(-g-“i =0 (r=e¢) (14)
T 31‘2 iy
.
el XV |s Qﬂ) -0  (r=R)
ar? or

For each condition in equations (14} to be fulfilled, either the variational

(sw, 8(dw/3r)) must vanish (a geometric boundary condition) or the bracketed

term must vanish (a natural boundary condition). For articulated rotors, the
only geometric boundary condition is the vertical displacement constraint at

the root, Sw rmg = 0. Three natural boundary conditions remain (note that

T,(R} = 0):

w
T
F\
eyl
—
o jar
L] N
|
R
i
=]
1
o

(15a)

]
-t
@ {w
Lo [
N‘E
'_"‘\e.ﬁ/
il
rv )
t
o

i}
[

2
Ky g—"l‘:- gy 2%
ar?
Ir=c

These conditions imply that the shear and moment at the free tip must vanish
and that moments about the hinge must be in equilibrium. For hingeless rotors,
an additional geometric boundary condition,

W
(EF) = 0 {15b}
=g

is imposed and the natural boundary condition on the moment about the hinge
is relaxed.

/
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The modal functions, ¢:, must satisfy all geometric boundary conditions,
but not necessarily all natfiral boundary conditions. The trailing terms in
equation (3) will force the solution to minimize the integral and trailing
‘terms in equation (7). Thus, when the trailing terms are retained, ¢j need
not satisfy natural boundary conditions. If the trailing terms are not
retained in equation (7), then ¢j mist satisfy all boundary conditions.

Generalized Forces

The aerodynamic force acting on the rotor blade is derived from inviscid,
linear, quasi-steady strip-theory. The effects of drag, induced downwash, and
stall are neglected. In this theory, the relative air velocities experienced
by each blade element determine the aerodynamic 1ift on that element.

Two sets of rotor axis systems are used to determine the yelative air
velocities for each blade element. The first axis system (X,.Y, Z} is a
nonrotating, shaft-fixed system figure 2a. The rotor shaft is assumed to lie

along the -2 axis, and the free stream
velocity V. is assumed to Iie in the
X 3_ plane. The angle between V, and
the axis is g, the shaft angle of
attack. The shaft-fixed velocity com-
ponents are therefore given by

vV, = -V, cos a,
Vy =0 T~ROTOR SHAFT
V, = -V sin og - (186) Z

L T S :
The second axis system (x, y, z} is a (a) Nonrotating axes.

rotating, blade-fixed system, figure 2b.
The position of this coordinate system is
defined by two rotations of the shaft-fixed
system. First, the shaft-fixed system 1s
given a rotation through an angle, ¢ + m
about the -Z axis. This aligns X yith
the undeformed blade axis 1. The X, Y,

7 axis system is then given a small angle
rotation dw/dr about the new Y axis.
This rotation aligns X with the local
blade element. The axis system generated v
by these two rotations is defiped as_ the
rotating, blade-fixed system (X, y, z).

The relative fluid velocities experi-
enced by each local blade element are found {b) Rotating axes.
by transforming the Vi, Vy, V, velocity

components to the blade fixed axis and
adding the velocity components due to Figure 2.- Rotor
blade rotation and vertical motion. coordinate systems.
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Ux = —Vx cos ¢ - V, dw/dr
Uy = fr - Vg sin ¢
U, = dw/dt + Vz - Vx cos pdw/dr (17)

According to strip theory, the blade 1ift is independent of the spanwise
velocity component Ux’ and the 1ift per unit span is given by

¢ = E.‘i_é.‘-“_l [uy2 . uz2] ¢ (182)

where c. 1is the 1ift coefficient, c(r) is the local blade chord, and p is
the density of air. The two-dimensional lift coefficient ¢y, given by
inviscid thin-airfoil theory is

cy = sgn[ijé(r,w) sin a {18b)

where a(r,y) is the local lift-curve slope (2  for a flat plate), and the
sgn(U,) provides for proper lift force direction in the region of reversed
flow TU, < 0). The angle of attack, a, is defined as the difference of the
geometric pitch angle 6 and the resultant inflow angle ¢, as shown in
figure 3. The quantity sin o in Eq. {18b) can be evaluated as follows

o =8 - ¢

¢ = tan~! (U,/Uy)

sin 6 cos ¢ - cos © sin (19)

sin o

where

4> o
-y

Figure 3.- Blade element geometry.
14



The rotor blade force component in equations (7) and (11) is shown in
figure 3 and is given by

F =28 cos ¢ (20)

The effect of the cosine of the small angle dw/dr can be neglected because
w has been assumed to be an infinitesimal quantity (making the equations
linear in w and its derivatives).

Combining equations (18) and (20)*, the vertical component of & can
be written

03 (r, ¥)E(x)
2 [UY2

F = SgI'l(Uy) sin § - U}TUZ cOs 6] (21]

For small pitch angle, 8, the aerodynamic load may be written as

F = %‘; s (%, ) [Uy?-e - uy,]
(22)
_ a(r,y)c(r)
s(r,9) = sgn(Uy) s

where a and ¢ are nominal values for the lift-curve slope and chord. The
term s(r,y}, as defined in equations (22), can be used to account for
reversed flow, tip loss, root cutout, compressibility, and other parameters
that affect the blade lift-~curve slope. Reversed flow is defined as the con-
dition in which a portion of the blade encounters airflow directed toward the
trailing edge of the blade (U, negative). In addition to the nonanalytic
switching of sign associated with sgn(U )}, reversed flow can also result in
an abrupt change in the magnitude of a(¥ ¥} since the blade 1ift character-
istics near a = 180° may be different from the lift characteristics near

o = 0°. The change in sign and possible change in a are accounted for by
s(r,¢). Similarly, blade tip loss (loss of 1ift near the tip due to effects
of three-dimensional flow) and root cutout (incomplete airfoil sections near
the blade root) are treated by setting s{r,y) = 0 near the blade root and
tip. For compressibility corrections, the simple Prandtl-Glauert correction
factor can be included with

) /1 - M2(1,V)

5 = sgn(Uy)

where M is the local Mach number.

Final equations— The final rotor equations are obtained by: first, sub-
stituting the velocity expressions (16) and (17) into (21); second, writing

*Note that the usual small angle assumption for ¢ = tan ¢ (or ¢ = U /UY) has
not been invoked.
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the pitch angle 6 in terms of the physical controls; and third, substituting

the resultant force expressions into equations (7) and (11). The blade pitch

angle, 6, is written in terms of collective pitch 6., cyclic pitch o; and

8., and the pitch-flap coupling Gq_:
]

c?

J
g = Bo'+ es sin  + ec cos Y + E eqjqj (24)
i=1

The pitch-flap coupling 6 can result from the kinematics of the pitch

q.

J

change mechanism (for which Gq_ is proportional to the modal deflection ¢j
J

at the pitch horn), or it can result from a flapping mode shape that includes

some torsional deformation (for which Bq- is taken to be some average value

J
of the torsional component of ¢.)}. Combining these equations and making them
dimensionless gives the following expression for the aerodynamic force:

J
e ?_ - . 2 .
F = > (r + v sin ¢) 80 + Bs sin ¢ + Gc cos Y + E eqjqj
3=t
; .
- {r + u sin P + ¢.q. + u Cos 3. 'q. 25
{xr +u Pllua, + 45 ¥ E (¢;"a5) (25a)
j=1
where
V, cos 0.
U = ——— {25b)

aQr

In more compact notation, the dimensionless aerodynamic force is

K J
F = s(r,¥) Evkek - s(r,y) JZ:; [chsjé[j + (Vo' + quvl)qj] (26)
where
K=4, 6, =6,, f8p=6g, 08328, Oy 3o (27)
and
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H§

HI

Ty sin(y)

2 2

ur_cos(¥) | u? sin(2y)
3 2

=2 2 _ 2 2
]—:‘2—- + EEF + pur sin{y) - o cos\2v) COZ( b

( (28)

u
7 \Z*"F )

=2 2
—(éé~+ E§>cos(¢) + ur sin(29) +

_ 5 .
r . uc sin(y)

8

+ '(52 : 2)Sin(w) _ b cos(29) , p? sin(Su)

u? cos(3)
8

)

The final equations for the blade deformations and the root shear and moment
can now be written in matrix form:

where

mifa} « 0°1fa}+ P+ x+ DX - 0§} = DV1{6}

1
iy :[ SVCd)i d)j dr

3
I

1

K _ -
Dij = f SVK¢i¢j dr
c
1
AR jr sVib, dF , i =1, 4
ij 95 A i
1

DY, = ./' sV,¢, dr

1] j%i

e

-<s>{g} - <wc>{q} -t WA>{q} + <wv>{e}

3

-<my>{a} -<QC>{€1} _<my + QK - QA:»{q} + <QV>{9}

(29a)

(29b)

{(29¢)

(30)

{Continued)
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W.~ = f sV ¢, dr
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These blade equations are generalized in appendix A to include harmonic control
inputs, unsteady aerodynamics, nonuni.form downwash, and rotor hub motion.

GENERALIZED HARMONIC BALANCE

The flapping equations of motion in terms of the generalized coordinates
(eq. (29)) are linear ordinary differential equations with periodic coeffi-
cients and may be solved in several ways. The formal solution, which is
periodic in time, is given by Floquet theory. Although the solution may be
determined directly from Floquet theory, the linear and periodic properties
imply that a specialized method may be more efficient computationally. The
harmonic balance is, in this sense, a specialized method. The generalized
coordinates are first expressed in terms of Fourier series and these series
are substituted in the equations of motion., This process involves multiplica-
tion of the Fourier series that represents each generalized coordinate by the
Fourier series of the time-varying coefficients, thereby yielding a new series
of harmonic terms. The coefficients of each sine and cosine harmonic are
equated to the coefficients of corresponding harmonics of the periodic

18



aerodynamic forcing functions in the equations of motion. This "harmonic
balance" gives a system of linear algebraic equations in the Fourier coeffi-
cients of each of the blade flapping generalized coordinates.

The harmonic balance method has traditionally been used to obtain analyti-
cal solutions for the response of rigid, articulated, helicopter rotor blades
with a single flapping degree of freedom. For the elastic hingeless rotor
blade, however, several generalized coordinates for the blade flapping deflec-
tion are often required. If each coordinate is represented by even as few as
two Fourier coefficients, the harmonic balance method can become algebraically
cumbersome. Therefore, a matrix formulation is developed to generalize the
harmonic balance method so that the analysis of systems having many coupled
degrees of freedom can be performed efficiently., In this matrix form, the
generalized harmonic balance method is a practical and efficient means of
solving for the forced response of a system of linear differential equations
with periodic coefficients. This report therefore includes an outline of the
derivation of the matrix formulation of the method. The method is then
applied to the rotor blade flapping equations derived in the previous section.
The derivation begins with a review of the formal solution from Floquet theory.

Floquet Theory

The classical solution of linear differential equations with periodic
coefficients is given by Floquet theory. To apply the theory, equation (29a)
is first converted to state variable form with the definition

- {q} (31)
=y

which yields

fa} + {a=| {o} (32)
m}-1fz]  [m]"1[0C [m}~1[DY]

where

[2] = [P} + [k] + DY - oY (33)

Because the coefficients of equation (32) are periodic, Floquet's
theorem states that the homogeneocus solution to the equations (ei = 0) has
the form

{2
{at= [A(¢J]{Ym em } (34)
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The complex periodic matrix [A] and the complex eigenvalues n, can be
determined from the Floquet transition matrix, and the coefficients v, can
be determined from initial conditions (ref. 19). It follows that equa-

tion (32) can be reduced to a system of uncoupled constant coefficient equa-
tions by a change of variable:

{at= ramiix} (35)

which yields
i -[ong Jxt= 10} (56

where

DR EINCOO N {e} (37)
[m]-1[DV]

The solution for the X, can be obtained by inspection:

N niy

E m,n O
- = e =
X _— , I 1, 2J (38)

=-N

where Uy  are the complex Fourier coefficients of U;. The particular
solution to equation (32) can then be found by substituting equation (38) into
(35) to yield

2+J +N +N i{n+k)y
A.m K e
4 = el ., i=1,J (39)
=1 k=-N n=-N m '

where Ajp x are the complex Fourier coefficients of Ajp. Thus the solution
is a perloaic function with no subharmonics.

Floquet theory can therefore be applied directly to calculate the forced
response of equation (29a) by first solving for the transient response
(eq. (34)) and then applying it to equation (32). In this case it is computa-
tionally more efficient to solve directly for the forced response by taking
advantage of the form of the solution. Equation (39) shows that the solution
for the generalized coordinates is periodic with 2n and cen therefore be
expressed as

N
q. = E (a) cos(mp) + (b)) sin(my} ., 1= 1, J (40}
q

] . .
n=0 qJ ]
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The harmonic balance method involves first substituting equation (40) into
{29a), second expanding the coefficients of equation (2%a) into their Fourier
series, third forming appropriate derivatives and products, and fourth,
collecting coefficients of like harmonics. This process results in (2N+1}J
linear algebraic equations for the unknown harmonics of the generalized
coordinates (an)q. and (bn)q.' Although Floquet theory implies that, in

J o

general, N approaches infinity in equations (39) and (40), in practice the
Fourier series for q; must be truncated at a finite value for N. The
truncation error assotiated with restricting N in equation (40} must there-
fore be established in each particular case.

Matrix Formulation

Example of matyiz operatione— The basic principles of the harmonic
balance method are cumbersome when applied to systems with many degrees of
freedom. Furthermore, when the equation coefficients are nonanalytic func-
tions, the Fourier series for these coefficients must be evaluated numerically.
The harmonic balance method presented here is formulated in matrix notation so
that operations invelving derivatives, products, and the collection of terms
are done symbolically. The definitions and rules of manipulation for these
symbolic operations are developed in appendix B. As an example of the appli-
cation of these operations, consider the assumed solution of equation (40)
substituted into (29a) for J = 1, K = 1. The resulting system of algebraic
equations is

C an an
(im0 1602 + meio 1 -+ [H(ZuJ]]L } - ‘b } 0 (41)
n n
4 D¥1
where [N] is the Fourier product matrix (defined as a simple algorithm of the
Fourier coefficients of its argument), [[J] is the Fourier derivative matrix,

v - - v
and <anbn>DV are the Fourier coefficients of D11
11

N
D) = E (ap) y cos(n¥) + (by) , sin(ay) (42)
n=0 P11 D1y

The coefficients by, although unobservable because they multiply sin(0y),
are retained in the equations for reasons of symmetry. Thus, the Fourier
operators [II] and [ may be used to transform a periodic coefficient differ-
ential equation into a system of algebraic equations,

Equation (39) shows that if Im(n,) is an integer and Re(ny) = 0, the

forced solution will increase without bound. Thus, if the left-hand side of
equation (41) is singular, it can be assumed that Re(n ) = 0 which implies
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from equation (39) that the system is neutrally stable. The existence of a
solution to equation (41) is therefore a necessary condition for stability.
Note, however, that solutions to equation (41) will exist even when Im(ng) is
not an integer or when Re(n,) > 0. Thus, the existence of a solution to
equation (41) is not a sufficient condition for stability.

Application to rotor equations— The Fourier operations applied to a
single equation in equation (41) may easily be applied to the complete set of
rotor equations, equation (2%a), transforming them into 2J(N+1) algebraic
equations:

n
. b
LIS I R ORI s 1K Ny,
HICH) IR GIUP) o® anB
bl 2]
n qJ

E - a . ar
+--[ﬂwUJ}-- a1 bnq'r+ »-[uw”)J-- b

by

ik _ _— (43)

1
——.
A
= B
——
=
-
-
0
—
—
o
it
Lo
=

The sclution for the <anbn>q_ follows directly:
J

Diy } (44)

i
—
O]
L
e
i
[av]
P
~

where
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gl = |+ - [iGmg 1012 « MOHIA + [00z)) - - (45)

Shear and moment— In addition to obtaining the solution for the blade
motions (i.e., for q;), it is also useful to obtain the solution for the
shear and moment at t%e blade rcot in the rotating coordinate system. The
root shear and moment coefficients, Cy and Cg, are obtained as functions of
time by substituting the solution for q; (eq. (44)) directly into equa-
tions (29b) and (29¢). The Fourier coef%1c1ents (i.e., harmonics) of Cy and
CS may then be obtained by Fourier analysis of the equations. The substltu-
tion of equation (44) into (29b) and (29¢) and the subsequent Fourier analysis
can be performed by straightforward application of the Fourier product and
derivative rules to equations (29b) and (29¢). The resulting expressions for
the shear and moment coefficients are

!ang {an] ' |
(bn 5 = -[HV]{eq]{e} *1° b, » - e} = (o,1{6}
i
¢ (46)
anl. an
{bm}E = -[H] [eq]{e} ] ‘bn‘Q_v » < |{8} = Teg1{e}
.S J
/
vhere
i) = [+ mesprm? « wmogS1m e mon - -
(47)

- C K A '
g = [+ o 1 + mOIml ¢ e+ o - 1 -

The Fourier coefficient matrices for W and Q¥ in equation (46) give the
portion of C(y and Cg due directly to control inputs, not including the
indirect effect that blade elastic deformations have on the shear and moment
(i.e., they give Cy and Cg for an infinitely rigid rotor}. The Hy and Hg
matrices, on the other hand, give the contribution of each of the generallzed
blade deformations to Cy and Cg. Thus, [0y] and [0g] in equation (46) give
the total shear and moment due to control inputs, including the effect of
structural deformations caused by those inputs.
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Hub forces and moments— The hub forces and moments in the nonrotating
coordinate system may be directly obtained from the blade root sheaxr and
moment in the rotating coordinate system. For a single-bladed rotor, the
expressions are

T=1V
L = -S sin ¥ (48)
M= -5 cos ¢

where T 1is the rotor thrust, L is the rolling moment (positive with right
side down), and M is the pitching moment (positive with nose-up). The
harmenic coefficients of T, L, and M are obtained by use of the Fourier
product operator:

an
{bn._ = [ev]ga; = [o.1{e}
CT
an
Ebnsv. = -[l{sin w)][@s]{9§ = [GL]{G} ¢ (49)
= | S
L
4n
gbng_ = -[n(cos v)1[ogl{e} = [o,1{s}
C
)

The harmonic content of T, L, and M for a rotor with b blades is
obtained by first summing the contributions of each blade and second dividing

by the blade number b, since b appears in the definition of €t through
ag. The result for Cp is

b
T, (0t =t17 E G,I(m s [ -1 Zgi)
b-blades .

From the relation in equation (B2), it is seen that equation (50) cancels all
harmonics of C7 which are not integer multiples of bn=20,0b, 2b, . ..},
but leaves unchanged harmonics that are integer multiples of b. The same
cancellation is also true for Cf, and CyM; therefore, the single-bladed results
for Cg, Cp, and Cy are valid for rotors with any number of blades so long as
the appropriate solution harmonics are set to zero.

(50)
1-blade
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Response derivatives— The absolute magnitudes of the blade deflections,
root shear, root moment, thrust, roll moment, and pitch moment are obtained by
multiplying the appropriate [©] matrices by the control vector {6}. This
linear dependence on 6; gives the elements of [@] direct physical signifi-
cance as the partial derivatives of each response harmonic taken with respect
to each generalized control Bj. For example, the elements of [67] (with
N = 2) are

a(agJEf/aeo 3(3035&/395 a(ao)E&/aec a(ag)E&/Bac

a(al)E%/aeo 3(a1J§%/395 a(al)a%/aec B(al)E%/Bac

3(32]65/360 a(az)ﬁf/aes a(az)E-T/aeC a(az)E&/Bac
- (51)

0 0 0 0

B(bl]ET/BGO a(bl)‘C-T/aes a(b ]_)ET/EGC a(bl)ET/aGc

3(b2]E'/390 a(bz)ﬁ-/aes 3(b2)E'/39c B(bz)ﬁ-/auc
T T T T

This same partial derivative structure exists for all [©] matrices ([@q],

[oy], [egl, [eM], [ep]). For simplicity of notation, the elements of the

first row of [&T] (the steady portion of Cp) are abbreviated as

<Cp. Cp, Cr. Cr >, Similar abbreviations are used for the a, (steady)

8o B B¢ o :
components of Cg, Cp, and Cy. These a, components of the partial deriva-
tives are called the rotor response derivatives.

HINGELESS ROTOR RESPONSE CHARACTERISTICS

The basic characteristics of the rotor derivatives will be examined for
a typical hingeless rotor configuration. Twelve dimensionless derivatives
will be included: rotor thrust, pitching moment, and rolling moment, with
respect to collective pitch 6., longitudinal cyclic pitch 6., lateral cyclic
pitch 6., and shaft angle of attack o.. The response behavior is first
examined with the aid of simplified closed-form expressions for these response
derivatives. And second, the variation of the derivatives with respect to
the parameters that define the configuration and operating condition will be
discussed. A more comprehensive series of graphical and tabular results are
presented in appendix C.

With certain simplifications and assumptions, the harmonic balance solu-
tion of the flapping equations can be used to obtain analytical expressions
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for the response derivatives. To obtain these simplified expressions, the
centrally hinged, rigid blade model is used, only the first harmonic flapping
response is retained, and the effects of reversed flow aerodynamics are
neglected. The expressions, given in table 1, correspond directly to the
classical expressions for steady-state blade flapping response B found in
reference 13 (for the articulated rotor) and in reference 1 (for hinge spring
restraint). The results are reasonably accurate at low advance ratio and they
readily illustrate the dependence of response behavior on the system
parameters.

Characteristics of the Simplified Derivative Expressions

The most fundamental hingeless rotor behavior is manifest in the rotor
pitch and roll moment derivatives with respect tocyclic pitch. The magnitude of
the hub moment, the relative magnitude of the pitch and rell moment components,
and the influence of flap frequency and Lock number are all significant. This
fundamental behavior can be demonstrated with the simple expressions for the
dimensionless control power derivatives in hover given in table 1. Since the
control power derivatives are symmetric in hover, only the response deriva-
tives for lateral cyclic pitch are considered. From table 1,

afa )=
0 Ly _ = o__1_c¢2 |
—a  — - WM = e o mem———
36 8e 187, c2
a(a‘))EL - 1 C
= CL = e —— ——_— (52)
BBC ac 16 1+ G2
where
2 _
c o 82 - 1)
Y

The control power derivatives are wholly determined by the parameter C that
is determined by the flap frequency and Lock number. This parameter arises
from the definition of the dimensionless moment coefficients, Cyq and EL. The
dimensional hub moment is proportional to the product of blade flapping ampli-
tude and hinge spring stiffness K;. The introduction of the dimensionless
coefficients then results in the above expressions with C defined in terms

of P and y. For a centrally hinged, rigid blade, C can also be written in
another form:
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TABLE 1.- SIMPLIFIED FORMULAS FOR RESPONSE DERIVATIVES; 3x/9y.

x ET (ao)B* (al)ﬁ* (bl)s*
Y
8 l—(l + Uz) _Y_ (1 + u2) *(8/3)u[1 + C(Y/16P2)] (8/3)u[C - fY/lﬁPz]]
°l gp2 1+ C2 1+ 2
0 3 X (1 + 2u2) - (2/9)uC(y/P2) | CI1 + (3/2)u?] - (2/9)p2(v/P?)
° 4 6P2 1+ C2 1+C2
8 0 0 C1 + u%/2) 1
: 1+ C? 1+ (2
N I} Xy -u2[2 + (2/9)C(y/P%)] u2[2C - (2/9) (v/PA) ]
¢ 4 6P2 1 + C2 1 + (2
*Note that Eg = (C/8)ag, EM = -(C/16)a;, and EL = -(C/16)b;.




.
1 + K :
p2 = :
102
4
R'-I-
¥ = E%E;__ L (53)
y
8K
c=__.B_
pacQZR™
!

This form of C shows that the blade root elastic restraint is the most sig-
nificant factor for the dimensionless hub moment derivatives. In addition,
the blade flapping inertia I, has no influence on the hub moment derivatives
even though it influences botﬁ P and y. (Note in table 1 that blade inertia
(through v) influences blade coning deflections ag,, which does affect the
control power derivatives in forward flight.)

The simple relations for pitch and roll moment derivatives with respect
to lateral cyclic pitch in hover (eq. (52)) are shown in figure 4. The
parametric variation of the pitch
and roll derivatives as a function
of C takes the form of a semi-
) - ¢ircle tangent to the origin with
€= 6 2.0 a diameter of 1/16.

1
o
o)

1/32

The phase, tan~'(Cy,  /CM. ),
CLg oS 4.0 . o e(.:
¢ 2, R\ between the pitch and roll deriva-
PHASE tives ranges from 0° to 90° as C
ranges from « to 0, respectively.
! @ The phase angle of the classical
Y 1732 1716 articulated rotor without hinge
Cmg, offset (P =1, C = 0) is 90°. For
a typical hingeless rotor with
Figure 4.- Moment derivatives with respect P = 1,15 and v =8, C = 0.3225
to cyclic pitch in hover. and the phase angle is about 72°.
For typical variations of P and
v, the phase angle varies from about 60° to 84°. Any phase angle not equal to
0° or 90° introduces pitch-roll cross-coupling of the primary response deriva-
tives, and the amount of coupling depends on the particular configuration
parameters. Although this coupling is easily eliminated in hover by biasing
the control input phasing, additional phase variations and hence pitch-roll
coupling occur due to forward flight.

The magnitude of the hub moment response to cyclic pitch in hover

(Jéﬁe + C%e ) is given by C/(16/1 + C2>, which is the product of hinge
c c
spring restraint (included in C)} and the blade cyclic flapping amplitude
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1/¥1 + C2 (i.e., the spring rate times the deflection). An increase in rotor
flap frequency P produces opposite effects in these two components of the
hub moment expression. As P increases, the spring restraint is increased
but the blade deflection is consequently reduced. For low values of P, typi-
cal of most hingeless rotors, the effect of elastic restraint term is most
important and the cyclic blade deflection is only slightly reduced. For the
limiting case of the classical articulated rotor, P = 1, C = 0, the flapping
amplitude is maximum but the hub moment is zero. As P increases above 1,

the hub moment increases nearly in proportion to C until the flapping ampli-
tude begins to diminish significantly. For high values of P, the opposing
contributions cancel one another and the hub moment magnitude approaches a
constant value of 1/16 as P and C approach infinity. This is the limiting
case of a completely rigid rotor blade. For convenience, figure 5 is provided
to quickly estimate the parameter C and the magnitude and phase of the hover
control power derivatives for different combinations of P and v.

The general magnitude and phase response characteristics of the hub
moment control power derivatives in hover also hold for forward flight.
However, these characteristics are increasingly modified as the advance ratio
u increases. The contribution of the advance ratio terms is included in the
simplified rotor derivative expressions given in table 1. The u dependence
generally (except for the 8. derivatives) takes the form of two terms - one
due to u and another to coning. The latter term depends on both w and
the configuration parameters P and y. The thrust derivatives are independent
of the configuration parameters and are functions only of advance ratio. The
lateral cyclic (8.} derivatives exhibit a very weak dependence on advance
ratio, containing only higher-order terms in u. This is expected since
blade pitch angle changes due to 6_. are largest at the front and rear por-
tions (y = 0°, 180°) of the rotor disk where the blade tangential velocity
Uy is independent of advance ratio.

Influence of System Parameters on Hingeless Rotor Response

The response characteristics for a typical hingeless rotor configuration,
presented graphically in figures 6 to 9, directly illustrate the influence of
the four main system parameters: advance ratio u, fundamental flap fre-
quency P, Lock number v, and pitch-flap coupling eq_. This concise presen-
tation of all 12 primary derivatives clearly shows thejrelative magnitude and
the parameter sensitivity of each derivative. The results in figures 6 to 9
are calculated numerically using the centrally hinged, rigid blade, with two
harmonics of flapping, and full reversed flow. This representation gives
reasonable accuracy for the range of parameters shown. The baseline configu-
ration and advance ratio are P = 1.15, v = 8, eq1 =0, epc = 0, B=1.0, and

= 0.6.

The variation of the derivatives as a function of advance ratio is
shown in figure 6; results from the simplified expressions in table 1 are
given by the dotted lines. The thrust derivatives are very sensitive to
(except for the 8, derivative) and follow the simple formulas reasonably
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Since the thrust derivatives are not configuration-dependent, these
results are not essentially different from articulated rotor behavior.

The

rolling moment response for collective pitch and angle of attack is relatively

low in magnitude and therefore lift-roll coupling is small.

Cross-coupling

of pitch and roll control power increases substantially with advance ratio,

particularly for the longitudinal cyclic derivatives, CMe and EM

angle-of-attack stability Cy,
c

b1

The static
C

is considerable larger than would be expected

for an articulated rotor and tends to produce pitch-up divergence at high

forward speed.
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The most important hingeless rotor configuration parameter is the flap-
ping frequency. The sensitivity of the rotor derivatives to this parameter is
shown in figure 7. For a centrally hinged articulated rotor, the flapping fre-
quency P is equal to unity. With typical hinge offsets of a few percent of the
blade radius, P increases to about 1.03. For typical hingeless rotor blades of
low flapwise stiffness, P ranges from about 1.08 to 1.15. For blades of high
flapwise stiffness P can be as high as 1.5. As noted above, the thrust
derivatives are insensitive to P but the magnitude and phase of the moment
derivatives are strongly influenced by P. When P is equal to zero, no hub
moments are generated in response to cyclic flapping. TFour of the moment
derivatives become zero in the limit as P -+ =: CMOO’ CMes, CLeC, and CMdC.
For intermediate values of P the varying magnitude and phase of the blade
flapping response produces a corresponding variation in the moment response
derivatives. For the typical configuration of P = 1.15 at p = 0.6, an
increase in P increases the pitching moment responses significantly. In
particular, the static pitch-up derivative CMaC hecomes more unstable as

Ar = L I - drs
T Cleg Chg
e ———
2 -05 | 05 -
O 1 - | 0 1 1 0} 1 I
4 A r
61'93 CL’S CMBS
I ¢ - N 05
's) 1 | O 1 J O 1 .|
4r nl[ =i
CTOG CLec cMec
2 =05 -05 I
0 1 | 0 | | 0 1 t
A - I
C1a, CLq, CMa,
2 05 08
/l O { {
.0 1.4 1.8 1.0 .4 .8 L.O .4 1.8
P P P

Figure 7.- Effect of flap frequency on response derivatives; u = 0.6, v = 8,

qu = 0.
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P increases. For relatively large values of P (i.e., 1.3 to 1.4), the
pitching moment derivatives are generally large, with several approaching
asymptotic values. For p = 0.6, the roll moment coupling with collective,
longitudinal cyclic, and angle of attack is relatively small at the typical
value P = 1.15; but all these couplings increase significantly with P.

Trends for Lock number variations are shown in figure 8. Since Lock
number and flapping frequency are inversely related through the parameter C,
the results of figure 8 bear an inverse resemblance to the results for flap
frequency variation in figure 7. In other words, an increase in Lock number
has the same qualitative effect as a decrease in flap frequency. This effect
is clearly evident in the limiting behavior of the control power derivatives
@ y > 0 and P > », Lock number variations have a significant effect on the
derivatives. Note that parameters included in the definition of Lock number
are also used to normalize the derivatives. For example, a reduction in blade
chord ¢ will reduce Lock number and increase the normalized control power
cross-coupling derivatives ELB and EMB . However, the reduction in rotor

S c
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2 -05 05
0 | | O \I\E_I O 1 |
4r -1 _ i _
CTas CLHS CMGB
2r . -05 - 05
O | | O | 0 1 1
qr ~Ir -dr
CToc CL,,C CMg,,
2+ 05 -.05 |
o i | O 1 | O
4 T _ - F _ I~ N
CTﬁc C'—ac CMac
2 . -05} 05 I—
1 ! \ 1 I I |
0] 8 16 O 8 16 0 8 16
Y Y Y

Figure 8.~ Effect of Lock number on response derivatives:; u = 0.6, P = 1.15,
g = 0.
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solidity ¢ accounts for a significant part of the increase (since

C( ) z C( )/ao].

The final parameter is pitch-flap coupling, 8q - commonly used for
J

articulated rotors to reduce flapping sensitivity at high advance ratios. It
has a significant effect on the stability and control properties of the rotor,
primarily by modifying the effective flapping frequency. (The fundamental
flapping frequency P 1is defined only in terms of the inertial and stiffness
properties of the blade. The basic effects are shown in figure 9 with P
held constant.) Positive Bql (also called negative delta-3) produces positive

hlade pitch with increased flap deflection (i.e., statically destabilizing).
Negative Bql is statically stabilizing and reduces flapping and hence moment

response. [t is evident that pitch-flap coupling can be a powerful design
parameter in modifying control power, cross-coupling, thrust sensitivity to
angle-of-attack changes, and pitch-up instability.
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Figure 9.- Effect of pitch-flap coupling on response derivatives; u = 0.6,
p=1.15, y = 8.
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SENSITIVITY TO THE MATHEMATICAL MODEL

The basic properties of hingeless rotor flapping response are described
in the previous section. The sensitivity of these results to various approxi-
mations of the mathematical model is now examined. The approximations are
organized into three basic groups: numerical, aerodynamic, and structural.

Several forms of the blade root moment Cg are chosen as a basis for
comparing the different approximations. The blade root moment provides a
common basis for comparison for different representations of the hingeless
rotor. For a centrally hinged, spring restrained blade, the root moment of
the blade is directly proportional to the flapping angle. For a centrally
hinged blade, therefore, the'root moment, flapping angle, and tip deflection
parameters are equally meaningful. For a flexible blade, there is no general
relation between root moment and tip deflection, and a flapping angle cannot
be uniquely defined. The root moment, however, can be uniquely defined for
all hingeless rotor models; and it provides a common basis for comparing the
various mathematical models of either rigid or elastic blades.

The blade collective pitch angle 6, is chosen as the independent
generalized control variable. The collective pitch is a basic control vari-
able and is appropriate for the present purpose. Therefore, derivatives of
the type 3( ]55/880 (which form the first column of [Bg]) are considered. In

particular, results are presented in terms of the zeroth, the first, and the
second harmonics of Cg. For convenience, they are presented in the following
forms: First, the zeroth harmonic blade root moment derivative is presented.
(This derivative is also an indication of blade coning.) In compact form, it
is written as:

_ i} (EOJES

C R v 54a
seo 360 (54a)

Next, the zeroth harmonics of the rotor pitch moment and roll moment deriva-
tives (in the nonrotating coordinate system) are presented. These derivatives,
directly proportional to the first sine and cosine components of the blade
Toot moment in the rotating coordinate system, are written in compact form as:

- i 3(30}EL . a(bl)ﬁé
Le, -~ 36 " "7 38 (54b)
Y 0 0
-C— _ 8[&0)-@1 1 B(al]ES
P T (54¢)

Finally, the combined magnitude of the second harmonic (sine and cosine) of
the blade root moment derivative is presented. The compact notation for this
magnitude is
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3(an)= |? 3(bs)= |?
Cg Cs

C = + (544
S2, 30, 36 )

A typical hingeless rotor configuration is used as a baseline for com-
parisons: P = 1.15, vy=4, B=0.97, epc = 0, 9q1= 0, N =3, and IN= 32 with

full reversed flow. For the comparisons of numerical and aerodynamic approxi-
mations, a centrally hinged, rigid blade representation is used. For the
structural comparisons, a uniform elastic blade representation is used. When
the elastic blade model is used with rotating mode shapes as modal functions,
the eigenvalues of the equations (with y = 0) correspond exactly to the
natural frequencies of the modeled blade (in a vacuum). When the modal func-
tions are not chosen to be the rotating modes, however, the eigenvalues of
the equations only approach the blade frequencies as the number of modal
coordinates increases. To discriminate between elastic mode shape effects and
flap frequency effects, the similarity parameter EI/mR?R* is therefore
chosen so that the first eigenvalue of the equations corresponds to the
desired flap frequency P.

Numerical Approximations

Harmonic number— The coefficients and the aerodynamic forcing functionms
in the equations of motion are periodic functions of the independent variable
y, the azimuth angle. In the harmonic balance method, these functions are
expanded in Fourier series. Since the functions are not analytic, an exact
Fourier representation is not possible and they must be approximated by
truncated Fourier series. One of the modeling parameters in a rotor response
analysis is therefore the number of harmonics, N, retained in the Fourier
analysis.

Although previous investigators considered only one or two harmonics, the
accuracy of this Fourier truncation has not been systematically examined.
Figure 10 represents the effects of this truncation. For Cse , one harmonic

0

is adequate up to u = 1.0; two harmonics are required for higher advance
ratios. For the rotor pitch and roll hub moments CMe and CLe , however, one
0 0

harmonic is adequate only to u = 0.4; two harmonics are adequate up to

u = 1.0 and three harmonics are required for higher advance ratios. This is
not surprising since the zeroth harmonics of the hub moments are proportional

" to the first harmonics of the blade root moment. As might be expected, the
effects of Fourier truncation are more pronounced for the higher harmonic
responses, Further evidence is given by the second harmonic root moment where
one harmonic is adequate only up to u = 0.2, two harmonics are adequate up to
¥ = 0.8, and three harmonics are required for higher advance ratios. Investi-
gations using up to 15 harmonics for advance ratios up to 3.5 (including
collective and cyclic pitch derivatives) indicate the following general con-
clusions. For the nth harmonic of response derivatives in the rotating
reference frame (i.e., blade deformations, root shears, root moments, and
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Figure 10.- Effect of number of harmonics on response of rigid hinged blade;

e = 0, €ne = 0, B=10.97, p=1.15, v = 4, Bql = (.

rotor thrust), n harmonics are required for up < 0.4, n + 1 harmonics are
required for 0.4 < ¢ < 1.0, and n + 2 harmonics are required for u > 1.0.
For response derivatives in the nonrotating system (i.e.,, rotor pitch and roll
hub moments), n + 1, n + 2, and n + 3 harmonics are required for u < 0.4,

0.4 < u < 1.0, and u > 1.0, respectively. Of course, for individual deriva-
tives under special assumptions, fewer harmonics may sometimes be adequate;
but, in general, the above requirements are necessary to ensure reasonable
accuracy.

Aztmuth increment~ In obtaining the Fourier components of the equation
coefficients, the integrals in equation (30} are numerically evaluated using
a finjte number (IN) of azimuthal increments. The number of increments can
influence the results. Figure 11 illustrates the effect of the number of azi-
muthal increments. A reduction from 32 to 12 increments seems to have little
effect on the derivatives calculated with three harmonics. The change from
12 to 7 increments, however, has a significant effect. 1In general, although
only 2N + 1 azimuthal increments are required to define N Fourier coeffi-
cients, the higher harmonics of the response derivatives may be in error if
additional increments are not taken. It is preferable to use twice the
required minimum number of increments. For example, for the derivative
a(az)as/aeo at u < 1.0, it is advisable that N = 3 and IN = 14.
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Figure 11.- Effect of nmumber of azimuthal increments on response of rigid
hinged blade; e’= 0, e, = 0, B = 0,97, P = 1.15, v = 4, qu =0,

Aerodynamic Approximations

Compressibility— When the blade chord and lift-curve slope vary with
radius and azimuth, an average Lock number vy is defined and the radial and
azimuthal variations in y are accounted for by the parameter s(r,¢y). For
example, the Prandtl-Glauert compressibility correction gives a variation in
lift-curve slope:

sgn{U_ )
s = b4 (55)

vl - Mz(rslf))

where M 1is the local blade section Mach number. Figure 12 gives response
derivatives for three cases: first, with no compressibility correction

s = x1; second, with s determined by the Mach number at T = 3/4, ¢ = 0;

and, third, with the full radial and azimuthal variation for M and s. 1In

each case, the Mach number at T = 1.0 and ¢ = 90° is maintained at 0.9 for
all advance ratios. Completely neglecting compressibility results in con-

siderable error. In hover, the correction using the Mach number at r = 3/4
gives accurate results, but is increasingly in error as advance ratio
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Figure 12.- Effect of compressibility on response of rigid hinged blade;
advancing tip Mach number = 0.9, e = 0, ey = 0, B = 0.97, P = 1.15,
Y=4,5q1=0. ;

increases (especially for the higher harmonics of the response). For pitch
and roll hub moments at moderate advance ratio and high Mach number, the
azimuthal variation of Mach number is required.

Reversed flow assumptions— When a rotor is in forward flight, certain
portions of the rotor disk will experience reversed fiow. That is, during
some portion of the azimuthal sweep, some or all radial positions will
encounter airflow directed toward the trailing edge of the blade. This phe-
nomenon can cause localized blade stall or reversed 1ift forces. For very low
advance ratios, this effect is usually ignored. However, at higher advance
yratios it must be considered. Figure 13 compares three cases: (1) assuming
no reversed flow (s = 1), which implies that the direction of the 1ift force
is not reversed when the relative fluid velocity is directed toward the blade
trailing edge; (2) neglecting lift for reversed flow (s =1, s = 0), which
implies that all 1ift is lost when the relative velocity reverses; and (3)
full reversed flow (s = 1), which implies that the direction of the 1ift
force reverses when the relative velocity reverses. For advance ratios less
than 0.6, results for the three cases are nearly identical, but above this
advance ratio large differences exist. With no reversed flow, the response
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Figure 13.- Effect of reversed flow on response of rigid hinged blade; e = 0,
ere = 0, B =0.97, P = 1.15, v = 4, %, = 0.

derivatives become infinite at an advance ratio of about 1.4, This '"instabil-
ity" is solely a result of neglecting reversed flow and does not appear when
full reversed flow is considered. For an advance ratio greater than 0.6, full
reversed flow is required.

Tip loss and root cutout— The parameter s can also be used to account
for losses of 1ift at the blade tip and root. These effects are treated by
setting s equal to zero where the blade is assumed to develop no 1lift:

s =20 for: r»>B, v < € {56)

The tip loss factor B accounts for the finite aspect ratio of a rotor blade
by neglecting the lift beyond some radial station near the tip. Actually, the
tip loss factor is not an independent parameter and can be entirely accounted
for by redefining R in the dimensionless coefficients. However, the tip
loss factor is usually treated as an independent parameter and this practice
is followed here. Figure 14 shows that tip loss is significant for all rotor
harmonics, even at low advance ratios.

Rotor blades also lose 1ift because of incomplete airfoil sections near
the blade root. Although root cutout is often neglected because of the low
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Figure 14.- Effect of tip loss factor on response of rigid hinged blade;
e =0, e,. =0, P=1.15, v = 4, qu = 0.

dynamic pressure near the root (and because of the small area affected), it

nevertheless affects rotor response at high advance ratios. Figure 15 shows
the effect of root cutout. For u < 1.0, root cutout has a small, although

noticeable, effect. At higher advance ratios, the effect becomes more pro-

nounced and should not be ignored.

Structural Approximations

Mode shape— The bending mode shapes of a flexible rotor blade are func-
tions of bending stiffness distribution EI, mass distribution m, and rotor
angular velocity Q. Figure 16 illustrates the variation of the first bending
mode shape for a uniform cantilever blade as the similarity parameter
EI/m2?RY varies from O to =, For small values of EI or large values of ,
the mode shape approaches a straight line, and the rotating frequency P
approaches unity. Conversely, for large values of EI and small values of
£, the mode shape approaches the nonrotating beam mode shape and P
approaches <.

The blade mode shape influences the flapping response by determining the
aerodynamic, inertial, and elastic integrals that define the coefficients of
the equations of motion. The aerodynamic loading in particular depends
directly on the amplitude and slope of the mode shape (eq. (26)). Therefore,
when a single modal function ¢; is used to calculate response derivatives,
the choice of that modal functidn can significantly affect the results.

41



12 - 12
08
Clgy.04
0
-.04 A1 1 i J—| _.04 | S AU I EEp— |
o 4 8 12 16 o 4 8 12 16
u !

Figure 15.- Effect of root cutout on response of rigid hinged blade; e = 0,
B =0.97, P =1.15, vy = 4, qu = 0.
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Figure 16.~- First bending mode shapes for a uniform cantilever blade.
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Figure 17 compares three different single-mode resulFs over a range of
flap frequencies from P = 1.0 to 1.8 and n = 1.0. The first resul? uses the
first rotating mode shape (at each value of P} for the modal function. The
second result is calculated using the nonrotating mode shape at gl} va%ues of
P. The proper rotating frequency is maintained by varying the 51m1lar}ty
parameter EI/mQ°R* appropriately. The third result is calculated using the
straight line mode shape of a rigid, hinged blade Wlth offset e = 9.25. This
offset gives a good approximation for the nonrotating mode. For this case, Kg
is varied to obtain the appropriate rotating frequency. (At‘ p valugs below
1.09 and 1.22, respectively, the second and third cases require negative
values of EI or Kg.) The figures clearly show that the two approximations
are adequate for P > 1,30. At low values of P .where the gctual mode shape
approaches a straight line passing through the axis of rotation, the
nonrotating

{ ROTATING MODE
——=—=— |} NONROTATING MODE
—--=-- RIGID BLADE, e=0,25
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Figure 17.- Effect of mode shape on response of uniform blade as a function of
flap frequency; eye = 0.25, B = 0.97, w = 1.0, v = 4, Bql = 0.
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approximations are much less accurate, although the offset hinged, rigid
blade would give good results for low P if the offset e were varied as a

function of P.

In figure 18, the same comparison is given for various values of u at
P = 1.15. At advance ratios below 0.4, there is little difference between
the results. At higher advance ratios, however, there are large differences
between the three modal representations. In figure 19, the differences
between modal assumptions are examined in more detail. For the first curve,
the nonrotating mode shape is used as the modal function in the aerodynamic
and inertial integrals. For the second curve, the straight line mode shape
with offset is used as the modal function in the aerodynamic and inertial
integrals. For the third curve, the nonrotating mode shape is used in the
inertial integrals and the straight line mode shape is used for the aero-
dynamic integrals. This figure shows that the major effect of mode shape
results from the aerodynamic integrals rather than the inertial integrals
because the first derivative of the mede shape (¢j') strongly influences the

periodic terms in ng, Qﬁj, and wij' The mode shape, therefore, must be

modeled closely for slope as well as for deflection.

| ROTATING MODE
— — | NONROTATING MODE
———-~- RIGID BLADE, €= Q.25

-04
o 0 4 .8 .2 L6

Figure 18.- Effect of mode shape on response of uniform blade as a function of
advance ratio; ep, = 0.25, B = 0.97, P = 1.15, y = 4, 9g_ = 0,
1
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Figure 19.~ Relative importance of inertial and aerodynamic contributions to
the response of uniform blade; B = 0.97, epe = 0.25, P = 1,15, v = 4,
6q1 = (. .

Number of modes— Because of the periodic nature of the azerodynamic terms
in the blade equations, even the rotor response to steady control inputs is
time-varying., This implies that no single mode shape can completely represent
the blade motion at all azimuths. Mathematically, this phenomenon can be
attributed to the fact that steady control inputs produce unsteady aerodynamic
blade forces at integer multiple frequencies of the rotor speed. Thus, any
higher modes with frequencies in the range of aerodynamic excitation will con-
tribute to the rotor response. In addition, even the exact rotating mode
shapes (which represent uncoupled degrees of freedom for a rotor in a vacuum)
become coupled in the rotor equations because of the aerodynamic terms. It
follows that, when the higher-order modes participate in the response, they do
more than merely superpose their own contributions. The higher modes actually
couple with the first mode, altering its response as well.

Figure 20 compares results calculated using as many as four rotating
modes. Below an advance ratio of 0.6, the higher modes are not important. As
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Figure 20.- Effect of number of modal coordinates on response of uniform
blade, rotating modes; B = 0.97, ex. = 0, P = 1.15 v = 4, Bql = 0.

the advance ratio is increased, however, the second and third modes begin to
influence the response. For any given advance ratio, however, the solution
converges as the number of modes becomes large. The two-mode solution is a
good approximation up to u = 1.2, and the three-mode solution is accurate to
p = 1.6, Convergence for blades with arbitrary mass and stiffness distribu-
tions is not as easily generalized and will depend on the proximity of the
higher blade frequencies to the integer multiple aerodynamic forcing
frequencies.

Nonrotating modes— Although the use of the exact rotating wodes is
desirable for rapid convergence, the use of such modes can be inconvenient
and cumbersome for practical use. When the uncoupled rotating modes are used
as modal functions, a different set of mode shapes must be used at every value
of P (or rotor speed) for which the response is desired. This means that
many preliminary calculations must be performed for a range of P values
before the response derivatives can be determined. This problem may be cir-
cumvented by use of a convenient set of linearly independent functions as
modal functions for all values of P. Although these functions must neces-
sarily be highly coupled over part of the P range (so that an eigenvalue
problem must still be solved to determine the exact value of P), they
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nevertheless have the advantage of being independent of the rotor operating
condition.

A convenient choice for such modal functions is the set of nonrotating
mode shapes for a uniform beam. The nonrotating modes have the advantage of
being the limiting case of the uniform rotating modes as P + =, In figure 21,
response derivatives are presented using one, two, and three nonrotating
modes as modal functions, together with the result using four rotating modes
from figure 20. As previously noted, a single nonrotating mode as a modal
function is only valid up to u = 0.4. The two-mode solution, however, is
somewhat better and is accurate up to p = 0.8. The three-mode solution
gives excellent results up to n = 1.4. Therefore, although the nonrotating
modes converge more slowly to the proper solution than do the rotating modes,
they converge rapidly enough to make them of practical use.

ROTATING MODES
NO'!"J RCTATING MODES

V| oy
Iy '

— MW

o 4 8 12 16 To 4 B L2 e
H S o
Figure 21.- Effect of number of modal coordinates on response of uniform
blades, nonrotating modes; B = 0.97, ey = 0, P = 1,15, v = 4, eql = 0.

CONCLUDING REMARKS

In this report, the linear equations of motion for the flapping response
of an elastic rotor blade in forward flight were derived, and a generalized
harmonic balance method for solving these equations was formulated. The basic
response characteristics of the hingeless rotor were examined in terms of the
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main system parameters and the sensitivity of the derivatives to the
mathematical model was investigated. Comprehensive figures and tables were
presented in an appendix to facilitate rapid estimation of twelve hingeless
Totor derivatives,

The use of a simplified mathematical model for this study was discussed
in detail. The main purpose was to simplify the problem in order to permit
investigation of the fundamental behavior of a wide variety of hingeless rotor
configurations. Therefore, it is pertinent to review the assumptions of the
mathematical model. Only flap bending deflections were considered. Torsion
and lead-lag bending were not included. Linear quasisteady aerodynamics were
used, without stall or nonuniform downwash. These assumptions are satisfac-
tory for the purposes stated previously. Refinements to the mathematical
model (treated in appendix A} include unsteady aerodynamics, rotor hub
motions, and nonuniform downwash.

It is appropriate to review a few of the findings regarding basic hinge-
less rotor response. The simplest behavior is evident in the control power
derivatives in hover. Depending only on the parameter C = 8(P2 - 1)}/y (for
a rigid blade without hinge offset), the magnitude and phase of the dimension-
less response to eyclic pitch vary from 0 to 1/16 and 90° to 0°, respectively,
as C varies from 0 to =. Simplified closed-form expressions for the
derivatives in forward flight were given and are valid for low advance ratios.
At low advance ratios, the basic behavior is little different from that
exhibited in hover. The derivatives are quite sensitive to flap frequency.
For hingeless rotors with moderate values of P, large pitch and roll coupling
can exist and static angle-of-attack instability can be pronounced. However,
these undesirable properties can be minimized by proper selection of the
basic configuration properties (including pitch-flap coupling).

The hingeless rotor flapping response was found to be sensitive to the
mathematical modeling in the following respects. For pn > 0.4, the number of
harmonics retained in the analysis should be larger by 2 than the highest
response harmonic of interest, and the number of azimuthal points chosen to
define the harmonic coefficients should be twice the minimum number {2N + 1)
needed to define N harmonic coefficients.

The radial and azimuthal variations of compressibility were found to be
important for an advancing tip Mach number of 0.9. Reversed flow effects may
be neglected below u = 0.6; however, they are very important for higher .
advance ratics. The tip loss factor is important for all advance ratios, but
root cutout is only important above u = 1.0,

For uniform stiffness rotor blades, at yp = 0.8, mode shape effects are
unimportant above P = 1.5, but approximate mode shapes are increasingly
inaccurate as P 1is reduced. For P = 1.15, approximate mode shapes are
accurate below u = 0.4, but accurate modes are required for higher u. The
effect of mode shape approximations was found to influence mainly the aerc-
dynamic forces., The rigid, hinged, spring-restrained blade approximation is
only useful for low advance ratios. If possible, elastic cantilever modes
should be used.
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The second and higher elastic bending modes are unimportant below
B = 0.6. Two modes and three modes are adequate up to u = 1.2 and 1.6,
Tespectively. Approximate nonrotating modes were found to be useful and
accurate. One, two, and three nonrotating modes were adequate up to u = 0.4,
0.8, and 1.4, respectively.

Ames Research Center
National Aeronautics and Space Administration

and

Army Air Mobility R&D Laboratory
Moffett Field, Calif. 94035, Sept. 18, 1974
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APPENDIX A
EXTENSIONS OF THE BLADE FLAPPING EQUATIONS

The blade flapping equations given by equation (29) are sufficient to
determine basic steady-state rotor response derivatives. However, these equa-
tions may be easily extended to incorporate unsteady airfoil aerodynamics,
induced downwash (steady and unsteady), rotor hub motion, built-in blade pre-
shape, and unsteady harmonic control excitations. The extended equations can
also be solved by the generalized harmonic balance method.

The additional effects considered in this appendix can be significant if
a more thorough treatment of hingeless rotor response is required, including,
for example, downwash aerodynamics, rotor shaft angular rate derivatives, and
dynamic response of rotors. A detailed treatment and discussion of the behav-
ior of the extended equatioms is beyond the scope of this report; however, it
is not difficult to include the equations as a convenient addition to the
basic development. Results using the equations in this appendix are available,
however, in references 7 and 20.

Unsteady Hub Motions

The Lagrangian of a rotating beam performing roll (as), pitch {a¢), and
plunge (z) motions at the hub is given by

1 4P das dac :
e [ e e )
€ - 2
+.:!:..m.§.‘f._..d;z_..i%-r sincp-ﬂrcosqb - MEW
2 "t dt dt dt

2 Jw 2 2
1 32w 1 3w 0 1 aw
- = D) - =7 (}ﬂ.+ _,_> dr - ~ K (__)
2 a2 2 Tyor 3r 2 TB\@r ree (A1)

which is identical to equation (1) except for the addition of roll rate
(dog/dt), pitch rate (deg/dt), plunge rate (dz/dt), built-in blade preshape {wgh
and local acceleration of gravity (g). (The blade deformation w is defined
as the displacement with respect to w, 50 that the blade vertical position
is w + wp.) Correspondingly, the left-hand side of equation (2} will take on
the additional terms:
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dt dt dt 2

dac dy d dw dwo
- 2m T T sin ¢ - mg + = Ty dr dr Sw - T Fre Sw c

and the right-hand side of equation (7} will contain the additional forcing
functions:

2 d2a dot d2a
J'[En-d—g—+m Sr51n!.]f+2m Sd¢rcos¢+m cI‘COS\U

(AZ)

R 42 d2a do d2q
z S . 5 c
R."m—g+—+ T sin ¢ + 2 — 0Qr cos P + T cos
A dt?  at? dt de?
do_ - R 4, az R
- za—ﬂr sin yjdr - <R mrd>1 i - dai o2 f mn dnjdr N
24 T
2 d¢0 ¥ )
- n2 = A3
2%RZ\4. 77 f mn dn q, (A3a}
r £

where ¢0 and q, Tepresent the built-in blade preshape:
w = R¢0qo (A3b)

With the additional definitions,

:_g——--z— - - —.- -~ = " -_-n
g, © » R: & % Zac a . g, % 2us a,
1R
1 1
m = fmdr =1 fmrdr m_ = fmrzdr——
pac ; ? pacR o ? pack r

e r J
(Ad)
the blade flapping equations (eq. 8) become
1
> [m; a5 + (Pyy + K;00a.0 = Jf o;F dr + P4, - S;8,
i=1 - e
- myi(gs sin ¥ + g, €08 ), i=1,J
(AS5)
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Similarly, the shear and moment equations {(eq. 13a) become

J 1
v = :E: quj + Jf F dr - mg, - Sy(gs sin ¢ + g COS )
j=1

: L

J
Cg = - ji: myj(qj + qj] + Jr Fr dr - Syg0 - myy(gs sin ¢ + g, cos )
j=1

@
I

0

m
yo o

(A6)
Unsteady Aerodynamics

The effects of classical, two-dimensional, unsteady aerodynamics can be
included in equation (22) by simply assigning to the three angle-of-attack
components three individual complex parameters sa(r,y), sufr,¥), and s, {7,V
in place of s(r,y). These parameters will depend on the reduced frequency
k. The aerodynamic loading in equation {22) becomes

_ pac 2qv - Ty 4w
F- B2 [se(uy o) - 5,07, Sw(Uy dt)] (A7)

where ﬁ; = U, - (dw/dt). One example of expressions for s may be obtained
from Theodorsen's theory, reference 21. From that theory,

s Cac 1Y, .. |1 Cac B
S8 = __é_. gC(k) + kz(T - a_—)* 1k[~é—+ C(k](l -2 T)]%

¢ (A8)
ik

_ *c _*C
e Eew . g - E o+ B |

where e,. 1is the aerodynamic offset (which may be different for regions of
forward and reversed flow), k is the local reduced frequency &c(w * n)/ZUy,
and C(k) 1is the Theodorsen function. (More exact formulations for s can be
treated in a similar manner.) This makes Sg, Sy, Sy complex functions of

r, ¢, the frequency of the excitation w, and the harmonic number n. Further-
more, equation (A8) must include a superposition of all harmonics of the blade
motion. The generalized harmonic balance method developed in appendix B pro-
vides the proper value of reduced frequemcy k 1o be used for each superposed
harmonic in the equations.

The effects of unsteady hub motions and blade preshape can _be included in

equation (25) by writing more complete éxpressions for O and U,. Specifi-
cally, blade twist can be added to the blade pitch angle 6 in equation (24).
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8twist = BtPt(¥) ' (A9a)

where Py is an arbitrary pretwist shape (e.g., for linear twist

Py = T~ 3/4) and 64 1is the magnitude of the pretwist. The velocity U,
also generalized to include the effects of induced inflow velocity v, plunge,
pitch, roll, and blade preshape w.

dw
_ dw — _dW dw 4]
Uzz_-_dt+Uz—"—dt+Vz V(dr d)cosw
dw dz da da
SV g Fo TS V- gporces ¥V, sin(e)
' dw
d
+ V_ cos (aC)(w+—d;°—)cos¢ (ASH)

Equation {25) therefore becomes

= 1 - . 2 . -
F =5 sa(r+ u osin ¥) 80 + es sin ¢ + Bc cos P o+ stPt(r)

J J
- . ,
+ Y 8qa [~ s, (F o+ sin WI(r,Y) + wocos pBEALE
j:l j=1
J
- r i .q. AlQa
sw(r + u sin ¥) z ¢qu { )
j=1
where
v, cos(uc)

Cv{r,¥) - (dz/dt) - V_ sin e
Alr,y) = SR

- b r sin y - acf cos P (Al0c)

Final Equations
Althoﬁgh equation (Al0) is in a readily usable form, a few additional def-

initions render it more tractable for use in the blade equations. First, the
inflow distribution is expressed as an expansion in functions of r and y:
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ns 2n

1
A(r,¥) = A _P1(T) z [»_ P (r)}sin(ny)
n=1

Ancpzml (rycos (ny)] (Al1)

Second, a new set of generalized control variables 8, 1s defined with
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Third, several new V functions are defined for equation (28):

Vi = V1P (1) : 1
R
Vo = V7 = Ve =0 L (A1)
VC{*'?—J' = h[’; * P—S—i‘—wlpzjﬂ cos(jy} , j=0,1 :
V8+zj = —[§—+ P——-%‘-E—(—@]sz sin{j¢) , j=1, 1 E]

The resultant form of the forcing function becomes

J 4 9421

— ) . .

F= 2 -5 Vo545 - s, (V" + 8g5Vdayl + 2 Svi% * Z; SwVi%
]: 1= 1=

(A14)



Equation (30) may then be

2
[t}

fo)
1
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extended by

1

J’ Swvc¢i¢j dr
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(Continued)
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W5=-m
w7v = -5 sin ¢
WBV = -8 cos ¥ ¢ (AL5)
1
W.szsv.df', i =5 3=9,9+2I
J A u g
/

The resultant extended equations are identical in form to equations (29)
except that the definitions for D, Q, and W are given by equation (Al5).

Analysis

The formal solution to the unsteady flapping equations is obtained in a
manner similar to that for the steady equations.- Equation (36) is altered by
the addition of a harmonic modulation of the forcing functions and Floquet's
theorem still applies:

. O iy
g} - [ong s = ule (A16)
The solution for the qj follows along the sﬁme line as equatiomns (37) to

{(39):

+N  +N i(m+n+w)P

2J AU
- jm,k m,n -
=2 2 2 T s d=1,9 (AL7)

m=1 k=-N n=-N

Therefore, Floquet theory establishes the existence of a solution to the
unsteady flapping equations of the form

N
0 = :E: (a)) cos(ny) + (b)) sin(ny> etV (A18)
n=o j 4

]

The a, and b, terms are, in this case, complex quantities that indicate the
magnitude and phase of each harmonic of the response. The harmonic balance
procedures developed in appendix B include the case of the harmonic modulation
elwy 5o that the unsteady equations may also be solved by the harmonic
balance method.
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APPENDIX B
FOURIER OPERATIONS

As noted previously, the harmonic balance method quickly becomes cumber-
some when several harmonics of the response or several degrees of freedom are
treated for linear systems with periodic coefficient equations. This occurs
because a large number of linear algebraic equations must be formed, and the
coefficients of these equations depend, in a complicated manner, on the har-
monics of the coefficients and on the number and type of the generalized
coordinates. Practical numerical computations for solving these equations
depend on an efficient method of obtaining the harmonic balance equations
(such as the generalized matrix formulation described previously). To provide
a complete development of the method, this appendix includes detajls of three
of the basic elements of the generalized harmonic balance method of this
report. The first concerns the formulation of several basic matrix operators
from the definition of the Fourier series., The second is a matrix formulation
for multiplying two Fourier series one of which has unknown coefficients. The
third is a matrix formulation for multiplying two Fourier series having
frequency-dependent coefficients.

Linear Operations

Basie identities— Given a function f(v) periodic with 2w, the follow-
ing coefficients are defined:

2w

(an)f = %—Gi () cos{nyp)dy , n=1, o (Bla)
1 2T
(bp)p = = f f(Wsin(my)dy , n=1, = (B1b)
0
1 27
(@) = 5= fdv (B1c)
0
(bog = 0 (14)
(an) e - i(by)
£n = —L L, n=1, . (Ble)
(an)g + 1(bp)
f,-n = 5 £ R n=1, « (B1f)
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£,0 = (ag), (B1g)
It follows from equations (B1l) (ref. 22) that

£{y) = E (an)f cos (ny) + (bn)f sin(ny} = Z f,n eimp (B1h)

n=>4 Nz -
The terms (an). and (by) are called the Fourier coefficients of f(¢), and
the terms f£,n” are called the complex Fourier coefficients of f£.
There is also an interesting summation relation that has important appli-

cations in periodic systems with multiple, time-lagging components; that is,
if there are b components at equally spaced intervals in the period

Be=dr k- 2T

then the following identities hold:

1 b 0 if n is not an integer multiple of b

= E cos (mp, ) = (B22)
k=1 cos(ny;) if n is an integer multiple of b

1 b 0 if n 1is not an integer multiple of b

z E sin(ny;) = (R2b)
k=1 sin(ndy) if n is an integer multiple of b

Phase change—~ It is often useful to be able to express the Fourier series
of f{y + 4) as a function of the Fourier series for f(y). In particular,
if f{y) 1is expressed as a truncated Fourier series

N
£(4) = D (an)g cos(nd) + [by), sin(ny) o 3)
n=4g

then the objective is to be able to express g(U) = f{v + A) as

N
g{v) = (an)g cos(ny) + (bn)g sin{ny) (B4)
n=0
where (an)g and (bn)g are functions of (an}f and (bn)f. Applying the defini-
tion of g{y¥) to equation (B3) implies that
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N
g00) = D) () cos[n(y + 8] + (by), sin[n(y + 4)]

n=0

N
:E: [[an)f cos{nd) + (bn)f sin{nA)]cos (ny)
n=0

1

+ [—(an}f sin(nA) + (bn]f cos(nA)]sin{ny) (B5)
A comparison of equations (B4) and (B5) shows that
(an)g = (an)f cos(nd) + (bn)f sin(nA)
(bn)g = —(an)f sin(nd) + (bn)f cos {nA)

which, in matrix form, yields the basic identity:

a

= oyl | (B6a)
nfg by £
where
B [ o ]
cos (A) | sin(a)
|
cos (NA) ' sin(NA)
[P 5| o — — (B6b)
Q I 1
-sin(A) l cos{4)
|
-sin(NA) ’ cos (NA)

The matrix [¢] is an order 2(N+1) phase shift matrix. It can easily be
seen from its structure that

60



[2(ay + A)] = [e(a1)][e(az)] = [2(82)1[¢(2D)]

Derivative~ It is also necessary to be able to express the Fourier se
of the derivative of a function f(y) in terms of the Fourier series of
original function f(y); that is, if

N
% = f = E (an) ; cos(mp) + (bp); sin(nd)
n={

then the task is to determine (ap). and (bp): as functions of (ay). and
(bnlf. Applying the definition of ~ £ to equation (B3) implies thag?

N
f = EE: nn(an)f sin(ny) + n(bn]f cos (ny)
n=p
A comparison of equations (B7) and (B8) yields

(ap)g = nibp),
(bn); = -nlapls

which, in matrix form, is

‘an an
X = 0] o
where l njg e
_ ] . -
|
l
o |
!
| N
o\ T T T T T
-1 I
B
I
" |
_h N _

ries
the

(B7)

(B8)

{B9a)

(B9b)
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From equations (B%a,b}, it can be inferred that the Kth derivative

K
of £(y), £(¥), has Fourier coefficients given by

a3
A (B10a)
bn £ by £
where
o’ = m* (BLOb)

It is easily shown that ﬁj]K has the simple form

o | qr K ]
1 | 1
. | .
} 0 0 |
o ! .
WK | nk
o Hlf 0o i
-1 -1 l
| |
0 ! | 0
i - E
|
i 1 ‘Nﬂ i W | |
K=10a, 4, 8, K =1, 5, 9
I=hER O o ~ (B10c)
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When f£(y) is modulated by the harmonic function etV

N
£0) = 3 [(ap) cos(mp) + (bp)y sinm¥)]e

n=>0

Tw
then £ becomes
fp) = }E: [[n(bn)f + im(an)f]cos(nw) + [—n(an}f + im(bn)f]sin(n¢)}elw¢
n=0
The derivative rule of equation (B10) can be generalized, in this case, to

) I [D + iwIz(N+1):]K ::

nJx
£

a

b

Product of Two Series

Droblem statement— A central element in the generalized harmonic balance
method is the multiplication of two Fourier series in symbolic form, to yield
the Fourier series of the product as a matrix function of the two original
Fourier series coefficients including the case when one of the original
series is unknown. In other words, given two Fourier series expansions,

N
£(9) = D ay cos(ky) + by sin(kp) (Blla)
k=0
N ,
gy} = Aj cos(jy) + Bj sin{j¥) (Bl1lb)
3=0
and the product expansion,
N
hiyp) = g = z a cos(my) + B sin(nd) {Bllc)
n=g

it is desired to find o and By as functions of ay, by, Aj, and B;.
Applying the definition of h(y) gives the Fourier product:
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N N
hiy) = E E Ajak cos (jy)cos (ki) + Ajbk cos (j¥) sin(k¢)

+ Bjak sin{jy)cos(ky) + ijk sin(j¥)sin(ky)

Use of the basic trigonometric identities yields
N N
1

h(v) = 3 (A, -

2 - Bybyleos[(G + 109] + (A + Bibleos[(f - K)u]

j=0 k=0
_ . _ AL . . 14
+ [Bjak + Ajbk151n[(3 + k)ypl + [BJak Aka151n[(J k)yl  (B11d)
The terms with equal ¢ multipliers must be isolated so that an and B, may
be found; that is, for each value of n (n = 0, N), the values of j and k

must be found so that j+k=mn, j-k=mn, ork - j = n.

Matrix definitions— The first matrices to be defined are square triangular
matrices defined as simple functions of a column array Xxi, k = 0, N:

- — 3
Xg 0 0 0
X1 Xg 0 0
o1 X2 X4 Xp 0 0
x = - )
LN TN MNe2 X1 Xol
o % %2 -1 N
X1 X X3 XN 0 * (B12)
/i// Xp X3 Xy 0
ol 5 |
_XN 0 0 0 0_4
. Xy 0 0]
\} w 0 0 0
= xq] =
0 AN
0 0 ol |
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If the rows and columns of these matrices are ordered row number = n{0,N)
column number = j(0,N), and if the subscript of x is called k, it follows

that for all nonzero elements of [;\8] ; j + k=mn; of Lffg], k=j=n;

and of [E\f], j - kX =n. Thus, these matrices are important in combining

like terms of a Fourier product.

If the properties of the triangular matrices are applied to equation
(B11d), it is possible to collect terms of constant harmonics. For example,
if the contributions of Aj to the cos{(ny) coefficients (ap) are considered,
it can be seen that

ag a1 . . . a§-
ll‘%[a][][/]? : ape
du:jto ken o kegen o 0 ... o

correction for
i=k,n=20
counted twice

The nth row of the column a, 1is seen to be the sum of all coefficients for
j+k=mn,j-k=mn, ork-j=n fromequation (All). (The last matrix
term is a correction since, for n = 0, there should be only one contribution
since j -k =0o0r k - j =0 is the same term from equation (B11).)} . If one
defines &g = 20q, the symmetry property of the bracket term can be preserved

([Ey?jq‘z [i/g]’lfz\?}T . [}bf])_ Although it is known that Bo = by = By = 0,

by equation (Bld), it is also advantageous from a symmetry standpoint to main-
tain the By row and By column in the matrices by simply defining

Bg = apBg = 0. When this is done, the a and B_  coefficients (as found in
eq. (Bl1)) can be collected symbolically:
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3 (BY-6Y B vy

P @) 1{a} + P7 )18} (B13a)

(1]

(BB Bl wh -
{
= [Py A} + [PTT(a) 14} (B13b)

Fourier product matriz— If the above results are combined in matrix form,
a complete matrix method is obtained for symbolically miltiplying two Fourier
series in the frequency domain:
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2(10 AU

oy Al

i SNONEA ORI N A;
P I B iabkel | S SR (€Y (B14)
BO p—+(bj i pq-(a) ) 0 Bj

B1 ! By

SN BN

\ L, \ /

The matrix [I], called the modified Fourier product matrix, is a square sym-
metric matrix. Its first row (or column) is just [g} and its (N+1) row (or
f

column) has all zeroes except an ag on the diagonal. If f is a known
function (with known Fourier series) and if g 1is an unknown periodic func-
tion (whose Fourier coefficients are unknowns A;, B.), then equation (Bl4)
represents the symbolic multiplication to obtain” the” Fourier series for

h =g+ f. In this case, [[I(f)] is a known matrix formed by the algorithm in
equations (Bl3a,b)}.

When the first row of [II] is multiplied by 1/2, the new matrix is called
[}, the Fourier product matrix, It follows that

an : A.
= ey (B15)

B B.
nly i

It can be shown from the structure of I that

1]

[T(f; + xf2)]

[m(£, » )]

{T(£1)1 + x[0(£,)]

(M(£1)] » [H(£2)]} = [N(f2)] « [M(£1)]

n

so that [N] is a linear commutative operator.
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Product of Two Fourier Series with
Frequency-Dependent Coefficients

When the Fourier coefficients of the functions f(y) and h{y) (eq. (B11))
are functions of the frequency content of h(y) itself, then the Fourier
product matrix [G(f)] in equation (B15) must be altered to take this frequency
dependence. into account. First, the j and j + N rows of equation (B15) are
rewritten:

o, <, (£)> A
it . J (B16)
Bj <Hj+N(f)> B
These two equations are the result of a harmonic balance of the function prod-
uct and result from the single equation:

A

[o; cos(30) + B sin(j)1e = <, (5)> cos (G et
B

A

" <nj+N(f)>EBEsin(jm)ei“lp (B17)

where the possibility of a harmonic modulation of h(y) and g(¥) has been
allowed. The only two frequencies possible in equation (B17) are w + j and
w - j. Therefore, two possible values may exist for each egs Bj, and Hji:

Hji{f)|w+j = ﬁji , Hji(f)lw_j = ﬁji |
+ -

S I N ! (B18)
+ -

O S I

When equation (B17) is separated into frequency components, with each f and
h given the value corresponding to that frequency, the resultant equation is

B

. . . . A) .
oo b Awi)y 1 o RN X (75 5 ) 2 R LT i{w+idw
(uj 1Bj)e * 5 fuj + 1Bj)e =5 [<Hj> - 1<Hj> af€

A} . .
) . . = i(w-jle
+ §'[<nj+n> + 1<Hj+n>][B}e (B19)
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The resultant harmonic balance including frequency dependence is

+ - + - _t - + -
a. +a, - i(R. - B, <. + I.> -~ i<O, LS
1 l i (85 - #5) 1] 3 3 jamo e A
A PRUIERUUCRIPIN R IS ST 1 | P I
.+ B, + 1(a. - a. <1, + U, > o+ i<, - >
lSJ BJ ( J CLJ) L. J+n J J
which is written as
"y
o s
I¥= [ | (B21)
B . B
iy
where the tilda marking indicates the operation:
R S S ¥ ] e e
{7} = 5 { } + 5 (B22)
| g Inet wt] e Tva v

When there is no j dependence, the tilda transformation is

{~ }= i ¥w+j = { }m—j (B23}

!
!
When w = 0, the values at wiﬁ are complex conjugates so that

0 IN+1

{7} = Ref }j + i }, (B24)
B R

a real operation. In general, however, the tilda operation implies
complex quantities in the harmonic balance.



APPENDIX C
FIGURES AND TABLES FOR ROTOR DERIVATIVES

Twelve basic rotor derivatives are included in this appendix: thrust,
pitch moment, and roll moment with respect to collective pitch, longitudinal
cyclic pitch, lateral cyclic pitch, and shaft angle of attack. There are
four main independent variables or system parameters: the configuration
parameters P, y, and Bq and the advance ratio w. Figures and tables of
these derivatives are presented for a sufficient range of system parameters
to be of use in obtaining rapid estimates of these derivatives. The charts
also give additional qualitative insight into the behavior of hingeless rotor
derivatives.

The results are calculated using the following mathematical model. The
rotor blade is of uniform mass and stiffness and is represented by two elas-
tic bending modes. The modes and frequencies are given by the uniform approx-
imation of reference 23, which yields modal functions for the rotating blade
that give a smooth variation in mode shape as the fundamental flap frequency
varies from 1.0 to =, That is, the modes transition smoothly from Legendre
polynomials for P = 1.0 to nonrotating cantilever beam modes at P = =. A
root hinge is not included (K, = =), the root cutout is zero, and the tip
loss factor B = 0.97. Full reversed flow effects are included and compres-
sibility is neglected. Three harmonics of blade response are retained (N = 3)
and the number of azimuthal increments is IN = 32,

When pitch-flap coupling is included, the blade pitch angle produced by the
the first and second mode flap bending is apportioned according to the ratio

—= = 0.16 (C1)

which is the ratio of the modal deflections (for nonrotating cantilever modes)
in the limit as the blade root is approached, i.e.,

im o 9200 6 g6 (c2)
£ 04, (®)

This apportionment is based on the assumption that pitch-flap coupling is pro-
duced by a pitch link mechanism that moves vertically to change the blade
pitch by rotating a pitch horn {lever arm) extending in a chordwise direction
from the blade. The kinematic boundary condition of this mechanism requires
that the blade must pitch when vertical bending deflections occur at the
radial location of the pitch link. The ratio of pitch-flap coupling of two
bending modes is therefore equal to the ratio of their modal deflections.
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Figures 22 to 37 are charts of the rotor derivatives calculated according
to the above mathematical model for Lock numbers of 5 and 10, advance ratios
0 < u < 1.0, flap frequencies 1 < P < =, and pitch-flap coupling
-3.0 < 8gq, < 0.8. Larger positive values of pitch-flap coupling were not
included éecause of flapping instability at high advance ratios. The thrust
derivatives are plotted as a function of P for several values of n. At
low advance ratios there is little variation with P as noted previously.

At higher advance ratios several variations occur. Near P = 1.2, y = 5, the
thrust derivatives increase due to the effects of mode shape, reversed flow,

and second harmonic response. For low values of P, the variation in bending
mode shape with P 1is also significant. The small increase in thrust for

P =~ 2,2 occurs when the first flap bending mode is in resonance with second

harmonic aerodynamic forces. The small perturbation of ETBO at P = 1.1

and u = 1.0 occurs when the second flap bending mode is in resonance with
third harmonic aerodynamic forces.

The pitch and roll moment derivatives are plotted using orthogonal axes
so that pitch-roll coupling variations can be easily observed. At zero
advance ratio these derivatives form a semi-circle as discussed previously.
These semi-circles generally expand and distort as the advance ratio increases
above zero, For P = 0, the rotor moment derivatives are zero and for P = «,
the pitch and roll derivatives are uncoupled at all advance ratios. The vari-
ation in pitch-roll coupling with advance ratio can be observed by the devia-
tion of P = constant curves from straight lines through the origin. The
effects of the second flap bending mode and the second and third harmonic of
aerodynamic forces also produce changes in the rotor moment derivatives
similar to those discussed above for the thrust derivatives.

' |

The rotor moment derivatives as a function of pitch-flap coupling are
given in the form of magnitude and phase primarily to illustrate how such
coupling may be used to modify the rotor response magnitude and reduce phase
variations with advance ratio. The plots show that pitch-flap coupling alone
cannot give a phase angle for the moments that is independent of advance ratio
for all derivatives., A small amount of positive pitch-flap coupling can
decrease the moment phasing below 20°, but at the expense of destabilizing the
rotor by increasing the thrust and pitch-up derivatives. Negative pitch-flap
coupling, on the other hand, decreases the thrust and pitch-up derivatives but
increases the phase change over the advance ratio range 0 < y < 1.0. Thus,
while pitch-flap coupling is a powerful design parameter, by itself it is not
adequate for completely uncoupling the pitch and roll moment derivatives at
all advance ratios.

Tables 2 through 49 include numerical values for the derivatives plotted
in the above figures.
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=D 0BRSS

~D.NA32A9

~0 4GRS

“Dell51

-0 +1255

~0.3132%

~0«13R3

-0+ 138&

~0a13%94

-0y 1394

=0.+1386

=0.1421

R LT

~Dalaf0

-0s146/1

1.0000

«0.0000

0.0017

Da0022

—0«0081

-“0.0142

~N.,0208

~0 0343

0 «0RDE

0« DRED

~Ds0ARH

s 1059

=0 1767

~(a13G1

=0w 1475

~081533

Dy 1573

—-0.1597

~(1e 1807

-0« 1609

~0«1623

-0« 1687

=0+ 1661

~0«1RR7?
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TABLE 4.— PITCH MOMENT DERIVATIVE,

\\Q:\ 0.0000 ©.1000
p

1«00
1,02
1.06
1.0R
1el12
1.16
1.20
1.24
1.28

1.34

140
.50
1.60
170
1.80

1.90

2elD
2820
RehD
.00

Se0N

82

-0 .0000

-0.0000

0+0000

0.0000

00000

0.0000

-0,0000

—0«0000

—0.+0000

-0.0000:

=0.00600

—0.0000

~0«0000

“e 0000

~Cs 0000

~C L0000

-0.0000

-D.0000

~0.00G0

—0.0000

—0.0000

~0a. 0000

“~0e«0000

-0, 0000

D.ONLL

D.0023

0.0045

0,0063

0.0077

0.0086

D.0091

Q0083

CaQ091

D.0087

Q.0077

Q.006R

00060

0.,0052

0,00¢6

0.00a1

00,0037

0.0033

D.,0023

00017

0.,0005

=-0.0000

Q.,2000

Q.0000

0.0023

D,0046

D.0092

Q.,0129

0.0158

0.0177

¢G.0188

.0191

Q.0t8R

0,0179

0.0159

00,0140

0.0122

V0108

0.0095

o0,0085

¢ ,0078R

C.006%

Q.0048

00035

G.o012

-0.0000

0,3000
0.0000
0.0036
0.0072
n.0143
0.,0202
b.02a8?
0.0277
09,0294
o.,029%9

Q.0294

0.0279
0.0248
¢.0217
0,.0150
0.0:67
Q.0147
0.0131
n.ot18
9.007
0.0075
0. 0055
00,0019

o.00r0

Q,4000

0.0000

0.0050

00,0101

Q0.0201

g,0284

0.03ag

0.0392

0,0415

0.0423

N0.0415

0.0394

0.0349

0.0305

0,0268

0.0232

00,0204

¢.0182

C.0164

0,0150

C.0106

0,007

0.0027

00,0000

9.5000
-0 ,.,0000
0.0065
0,0133
¢.0260
0,0380

C.0487

0.056R

00557

0.05286
0.0466
0.0408
0,0352
0.0306
0.0268
¢.0238
Q.02t6
0,0199
0,0142
0,0106
0.0036

00,0000

i
e

N.6000

CL.,o0000

00,0083

0.0170C

0.0482
D.0ADS

0.0688

D.0743

L.0726

¢,06BT
G.OAGS
0.0825
00,0454

0.03493

0,0382

0.0304

0.0276

D,075%5

C.0184

0.,0139

C. 0046

0.0000

0.7000 G AGO0 02000
-0,0000 -0.000D =~D.0000
0.0103 Ga0125 00148
D,07214 0.DAR3 003 H
0.0450 0«0577 080726
G.0R22 D.D770 T.0919
O.0774 DeDeR] Del159
0.,087R Del0ar 0.133R
T,0934 7 043177 Celd 2R
a0,0951 Nal1195 Te1872

0.0920 NDsL1ARA O.1ld82

0L.ORTT Oa.1701 0«13R0
0.0769 00964 D.1191
0. 06(8 Q.OR3Z 01028
O.0874 00717 0.0RAR
0.0495 D.+0A/19 0+0768
¢,0830 0.0537 D 0663
0.03R0 DeDa?a T +0590
00,0346 GeDE30 Ca0534
0.0320 D.03297 a4
00,0234 DenPoP D.Nn3AR1
N,017AR D.0?Z78 TaD27T
0.0086 0.0073 0.0090

0.0000 | 0.0000 0.0000
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L3000

—D.0D00

Ne0172

n.orav

D<108R

Nel349

Ne15R0

D.1715%

Ne17RY

NDel741

Da.lhaR

Ny 1448

Gv1P558

Da1087

0« 0946

D«DAZY

00736

G.0664

0+ 0R07

043441

D «D33%

G.0109

00000



-

1.00

1.02

104

1 .08

tel2

1.16

1.29

.24

l.28

14304

1a40

1.50

1.70

1280

2400

2a10

il
.

rn
o

2460

5,00

0.0000
-0.0000
=0.0000
-0.0000
-~0.,0000
-0.0000
~0.0000
«0a.000D0
-0.0000
~0.0000

~0.,0000

~0.,0000
-0.0000
-0.0000
-0.0000
-0.0000
-0.0000
-D.0000Q
=0 +0000
—070000
~01,0000

—0.0000

—-0,0000 -

000060

TABLE 5.— THRUST DERIVATIVE,

0.1000
0.02386
0,024
0,0251
0.0G262
0. 0266
D. 0266
D.0264
0;0261
0.0258

Q,0253

0.0249
D.0245
VL0262
0.0240
0.0239
00239
Q.0238
GCa02328

G.0237

t.0236

D.0236

0.0235

0.0235

D.2000

D,0479

00,0495

00,0530

0.0533

0.0541

0.0841

0.0536

0,0530

G.0523

Q,0513

0.04956

0.0490

00,0487

0,048&

¢,04856

V.0486

Q0.0485

0.04883

0.0478

D.047E

00,0475

G.0475

g

00,3000
0,0737
C.0762
C.0787
d.0B22
0,0834
0,083
0.0826
0.0813
0.0863

0D.,0787

0.07T74
D.07SE
0,0750
00,0746
00,0746
0,0749
¢.0751
C.0749
0.0744
D.0729
0.0725
0.0v22

D.0722

0,4000
00,1021
0.1058
00,1094
0.1144
0.1160
6-1158
0,114%
0.1127
Q.1107

00,1081

00,1061
0,1037
0,1028
0,1021%
C0,1025%
0,103a
D.1042
0.1038
c.1028
0,099%
0,09a886
0,0981

G.0%80

0,5000

00,1344

0.1397

00,1450

0,1519

0.,1837

0.1531

00,1508

Q.l1479

0D,1448

Q0.1407

0,1374

G, 1339

0,13221

00,1317

00,1326

0,1345

0,1263

0.,1361

D.1341

G,1280

.1265

00,1285

O.1254

Eir s ¥ = 5: f
elS
0.6000 o,700C
0.l722 0.2174
D.1798 00,2283
0.;673 0,2392
0,.1968 0.25%24
0,1993 0.2559
00,1979 Q,2534
0.12a0 G.2472
g,1892 G.239a
0,1842 0,.,2314
03,1776 0,2209
O.1725 0.2128
0.1669 D.204])
0,1643 00,1929
00,1639 0.1992
0.1655 0.2015
0.1688 0.2066
C.1720 V.2118
0,1721 042123
0.1650 0.2080
0. 1590 0.1928
Q. 1566 a,1R%4
0.1547 G.1863
O.15h&5 01860

a4,

D«B000

De?717

0+287s

D+3036

0.32824

0.3270

043239

0+3145

03023

0.28593

V2733

D«2A06

0.72469

Qa2401

G .2386

CeP415

O« 2485

D +2559

O«2572

C«751a

0.27299

Ce2255

D.2206

0+2201

0e9000
0.3370
0«3581
Q0.3820
Qs+8108
Gatt 156
0+2136
0.4008
QOs3826
035638

Q0+ 3387

D.3191
0.2978
0.2870
0.2R37
0.2869
0.2953
D.3088
0. 3068
0.2996
02706
042656
Te25TQ

De2572

1.0000
Q4176
Ded462
04806
05199
05214
D«5238
045085
Te&4B43
Qe 577

Gats 711

0+3921
03600
0a3431
0e33RG
De3393
Du3486
0.3592
0.3613
03523
Ca.3151
Ce3104
0e26R7

e 2Q77
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F
1.00

1,02

104

1. OR

1.12

lal6

1e.20

leZd

1.28

150

1260

1«70

1.80

2al0

2.20

N
)

o
L]

3.40

84

TABLE 6.— ROLL

QCa0000

-0+000D

-0+0003

-0.0012

~0+0048

-~0.009&

~0.0152

-0.0208

—0D.0261

—-0.0308

—0aN36%

~0s040%

~D.0457

~NL0687

=D 05306

-0.0819%

—Q.0827

-0.05633

-0.0838

~0aN541

—0.0547

—-D.055¢C

~N.0552

-0 .0553

01000

~0.0000

-Ca 0002

-0.0011

—-0.0048

~0. 0097

~0.0153

=0,0210

~0,0264

=D, D312

~Go 0370

—0a.0414

-0.0464

-0s0498

~0,0514

-0,08526

=G 0535

Q40541

~0.054%

—0.08548

~0.05586

-, 0658

~0.,05861

-0.0562

0,2000

-0,0000

-0,0002

~3.,0GQ11

~0,00z8

~0,00098

—0.0155

-0.0215

—-0.0272

-0.0322

—C.0383

~D,0430

~0.0483

~0.0515

-0,053¢

—0.,0548

~Q,0554

-0 .0562

~0.0566

—0.0571

~0.0581

-0. 05684

-0,0587

-0,L.0588

MOMENT

0.2000
-0 .0000
~0.0001
-0 ,0010
~0,0043
-0,0099
~D.0160
~0,0F224%
~0.02824
-0,033%9

-0.0406

-D,0457
-0.,0515
-0.0550
-0.0572
-0, 05685
-0,0893
-0,0597
—-0.0602
~0.0607
~D.0D622
0. 0627
~0. D631

~0.0631

DERIVATIVE, €

vy =5, 0 =0
Les’

0.4000- qQ.5000 0.46000 0.70GQ 0.RO00D 0.9000
=-0,8000 ~Q,0000 =0,0000 ~0.0000 —-C.3000 -G N000
~0,0000 0,0000 o.0002 00,0005 D.000% 040016
~0.0009 -0,0008 -0.0003 00,0001 D.00DG D002
-0,0047 =0.0047 -0.0044 =D,0043 «0.0DNA0 ~0 .00 36
-0,.0101 -0,010% ~0.0106 -0,01D0% -0.40111% -0«0105
—D,D166 =0.0175 -0,D183 -0,0190 =0.,0193 -3.0180
-0.,0228 ~0.0252 -0,0269 =-0.0286 ~0.079R DRG]
-0,0303 =0.0326 -0,0354 -0,03Ra ~0.0408 ~0.0a1a
w0, 0363 ~0,0395 ~0,0432 ~0.0473 -0.0511 -G 0531

-0,0438 ~C.0480 -0,0530 ~0.05%8F -~0a0R4] D+ OHRZ

“0,0495 ~0,0545 ~0,0608 =0,0677 -0.072l =~0.0A800
-0,0560 =0,0618 —0,0689 ~0,0768% -D.0B55 «0.0035
~0.,0608 -0,05883 =0,0740 ~-0,0828 -0.0923 -0.1017
=0,.06P3 —0,0689 =0.0769 -0.0R&EZ -0D«0966 =0.]06B
«w 0637 -0,0703 -0,0784 =~D,CA79 —D.08R% =~0.1097
—0,0643 ~0.0F08 —0,0788 ~0.DRAP ~0.0990 -—0.1109
-6,0646 -~0,0700 ~-0,0785 ~0,0R78 —0.0985 =0.110R
—0,0651 ~0,0713 -0,0788 -0,0R?7 —-0.0981 -0.1104
~0,D658 -0,0721 =0,0797 -0,CR85% -D0.0907 =0.1106
—0.,0678 =~0D.0748B —0,0B30 =—0.0924 = -0.102F =~0.1142
—0.0&EEE =0.07B0 -0,0B4% -0,0857 «~0,1065% -0.11R7
0., 0690 ~0.0764 ~0,0R53 -0,09531 <Q0,1063 -0.1182

-0.0691 -0,0765 -0,08583 -—0,0954 ~Gel0AL -0.1182
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L+0D00

=Ds0000

0a0024

Cs0037

“0s002A

-0 .00RR

—Ned140

~0 02450

-0 e03A2

“Ns0514

~0«0AREQ

-0.0828

~D.08992

-D.1095

—0s1lA3

-0s1209

~D 41238

—-0.1252

-0.125%

-0.1241

~0+1266

-0el1312

—0.4 1303
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TABLE T7.- PITCH MOMENT DERIVATIVE, EM s ¥ = 5, qu = 0
3!
:

K 0.0000 0.1000 0.2000 0,32000 Q.40G0 0.5000 0.6000 D,7000 0.BDOD C.500Q 1+80000

1.00 =-pg.0000 O.0000 ¢,0000 -0,0000 00,0000 0,0000 ¢.0C000 -D,0000 ~0.0000 00000 ~G.0000

102 0.0039 0.0040 D.00&3 b,c048 0,.D055 D.006% C.0075 0.0088 0.0102 GaQ118 Ga0135
1aD& 0.0078 0.0880 G.G086 00,0096 0.G110 0.40129 00,0153 0.0182 G«02186 D.0255 O.0298
1e08& 0e0547 Gu 0151 D.0163 0,0183 G.0213 ¢.0254 0.030% 0,381 0«D&786 040591 00722
le12 Q.,0202 0.0208 Q.0225 00,0254 0.0298 .0356 0.0433 0.0526 D«0A38 Qe0748 OW0R4A
1«16 G281 0,0748 0.Dz&Q 0,030 0,.0360 0.0433 0.0531 0,0R51 D.0750 G+ 0939 Ge1087
120 Ne0263 0.0271 00,0295 0.0337 0,.0398 00,0882 0,05894 0.0733 0.0899 D.1082 0.1265%
te24 G.0272 CJu 0281 17,0306 00,0350 0.0a186 0.0506 0.0624 T.07T74 040555 Ga1160 D] 372
1.28 GaD27L Ca280 0,0306 0.0351 0.0418 0.0509 0.0630 Q.0783 0.0970 Da.11R4 081413

1+34 Q0259 Oe.0267 0,0293 0.0337 00,0402 0.0491 0.0609 0,0758 DeDOa 0.1155 Q1390

1,40 D.0240 Da0248 DL,0272 D.G314 00,0375 0.0a459 10670 D.6710 0.0R82 0«1088 Osl31e
1.50 QaD207 QalD214 0.D0235 00,0271 0,.,0325 90,0398 00,0493 0D.0R1S CW076R T.0845 0De1152
1.60 0.0177 0.0183 0.0201 0.D232 00,0278 0.0340 Q.¢az1 D 0525 D.0RSE Ga0R17 NaDSGE
1,70 0.0152 0a0157 D,0172 0.,018%9 0.0237 H,0290 0.0359 O.0aa7 Da0RER 00656 Ds0OBBH
1+80 040131 0.0135 0.0149 0.0171 0.020; 00,0249 0.0307 0.03A82 0«34a78 0.0600 D0T749
1«90 G.0114 0.0118 0.0130 0.0150 0.0178 b.0217 0.0G267 00,0332 D.04a1% 0.0523 0. 0658
2«00 040100 G.0108 0.0115 0.0134 Q0161 0,0196 0.0241 G.029%9 N.03772 G 08b7 C.05%89
2=10 0.0089 CG.0093 00,0105 0.0123 2.0149 C.0184 0,0227 0L.0781 0.034R Ca0431 C«Ch3G
2a20 Q.0079 0.0083 0,00G4 c,0113 C.0129 D.0173 Q.0216 00267 C.0330 0eGa05S 00498
260 0.0853 T.0056 Q,0064 Q.,0079 J.0099 0.01286 0.0160 00,0207 0.D252 0.0308 0.0373
J.00 GaQ039 0.,0041 g.,0047 00,0057 0.0072 0.0093 0.0119 0.0152 0.0191 0.02358 D.0Z88
S a0 Q.0013 0+0013 0.0015 G.0019 0,0023 ¢.0030 00,0037 O.0047T Ne0087 D.0070 D.0085

oa Q+0000 0.00600 0.0000 0.0000 0,.,000¢ 80,0000 0D.0000 D,0000 D000 0an06o T 0000
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P
100

1.02

1t

.08

1.2

1216

1«24

1.28

1434

1440

1 .50

1.60

1070

.80

1 .90

200

2.20

2a60

300

5.00

o

86

0.0008

2.0006

0. 0000

0. 0000

D.0COD

0.0000

0.0000

00000

D.0000

0.0000

0,.0000

0.0C00

0« 0000

DeDOOC

0.0000

00000

QGe0000

0.0000

00000

G.0000

C.C000

{0000

T.00C0

=D+ D000

TABLE 8.— THRUST

©al00Q0

CyQC00

00000

~0,0001

~0. 0007

-0,00t2

=0,0017

~0e 0020

~0, 0022

—-0Q.0022

-0.2023

—Q.C022

~G.0019

~D.0016

~0.,001%4

~0.0012

~0.0011

-0.,0010

~0,0009

—-0,0003

~0a 000D

-0.0004

—{.,0001

~0.0000

0.2000

~0.0000

-0.000Q0

-0.0003

=0,.,0014

~0.0025

-0,0034

-0,004]

-0,0048

~0.0048

-0,0045

-CL.0043

~0.0037

~0.0021

~0.0026

~0.0022

~0.0019

-0,0019

-0,0019

-0.,00139

-0.0013

~0.,0009

-0.0003

~0,0000

0,300D0

~0,0000

-0.0001

~0.0C06

-0,.,0023

-0.0039

-0,0053

-0,.0063

-0,0068

—-0,0069

=-0.0067

-Q.0062

=30.0052

=-0.0042

~Q,0033

-0,.,0027

~0.,0024

-0,0026

~0,0031)

-0.00323

~-D.,002%

~0.0017

-0,0005

0,0000

DERIVATIVE,
0.4000  0,5000
-6.,0000 =~0,0000
=0.0003 =0,0006
-0.0011 ~0,0018
-0,0034 =-0,0048
—0,0056 =~0,0078
—0,0075 ~0.0103
-0,00B7 -0,0118
~0.0094 ~0.0125
—0,0094 -0,0124
-0,0090 -0,0115
~0,008F =0.0101
~0.0065 -0.0076
~0.004% ~0.0051
-0.,0035 ~-0,C031
-0,0025 -0,0017
-0,0023 -0D,0017
-0,0032 -0,0035
-0,0045 ~-0,0063
-0.0053 -0,00B0
-0.0042 ~0,0065
~0.0028 -0.0044
-a,0008 -C,0013
0,0000 0.0000

C. » Y
Tqy

C

0.60DD

-D,0001

=0.0011

-0.0028

—0.0064

=0.0109

-0.D141

~0.0159

~0,0165

~0.0162

~0.0147

~D.0125

-0,0087

=0, 0052

-G, 0023

-0,.,0004

-0, 00056

-0,0038

-0,0088

-0.0116

=0.00%5

~D.0063

—0.0018

c.ocoo

C.7D00
-0,0002
~0.0018
~0L,0042
-0,0096
~0. 0150
~0.01%1
~D.0714
-0.0220
~¢.0Pt4

-0.0180

-0.0158
-0,010%
-0,.009R
~C0.0015%
CL.00LC
00,0008
=0.00472
-0.0!!}
~0,0159
-0,0132
~0 . 0085
-0,0027

0,0000

D.BDD0

-CaDQ04

-0.0028

-040081

—0.0132

~0,0700

~DW«DRAET

~0.0287

-0.0794

—0+0284

—0,0”50

00707

—0.0133

—0.0D67

-0sD014

GaO12

C.0013

-0.0051

00148

—Q0.02712

~De0174

-D.0110

—0s0G037

00000

0.90G0

—U«.0006

—0a.0040

~Q+O0AS

—Je3183

=0 . 0266

=0 «0341

~0.0383

30393

~0.03280

-Qs033a

—0.0277

-0 0183

-0 .D095

-0es0027

00013

00005

~0a0074

~0.01932

~0.3273

=G L0270

30136

—-0.004%

D«0000
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10000

-00009

-D+00HKA

~0«011i5

040251

= «0 340

—NuD439

~0 D457

-N+0515K

=~D.0501

—CeD445

—N«0374

—0.0252

-Vef1L7

-0.0065

~-D.0018

020030

00123

-0.0257

~0.03247

-Da.02AR

-0.015%

“~Ne00AA

D.0000



P
1.00

1e02
1a04
1.0?
1.12
1416
120
le2a
1,28

1.34

1,40
1.50
}.60
1.70

1.80

2400

2010

2.60

300

0s0000

0.0000

—D.0039

“~0.0078

~0e0147

~D.0202

=0s,0241

-0+02563

“D 0272

-0.0271

-0.0D259

—D.0R240

-0a.0207

00177

-0 a0152

-0.0131

~Dw.01l14

—0.0100

-0 0089

D079

—0+0053

~0.0039

S0.0013

-0.+0000

TABLE

0.1000

D,0000

—0.0039

~0.,0078

-0s0147

~0.0702

—Ce0zal

~0,0253

-0.0272

~0,0271

D2 0PBE

w239
-0,0208
~0.0176
~0.01560
—0.0130
—0.01132
—0.0160
—o.oos;
-0.0080
-0,0054
-0.0039
-0,0013

—0,0000

g.— ROLL MOMENT DERIVATIVE, EL s Y =5, 8y =

6,2000
-.0009
-0.0039
—0.G078
-pD,014a6
~0.0201
~Q,0240
-0 ,0262
~0,0270
~0.0269

~Q0.0E56

~0.0237
-G.0203
~040173
-0.0147
-D.0127
-0,.0110
-0 ,00%8
-0.0088
=0.00R0
~0.,0054
-D.0039

~-G.0013

-0,0000

0.3000

G.00a0

—0,0039

~0.0078

“Q.0146

—Q.C200

-0,0239

-0 L.0260

~0.0268

-D,0206

-0.0253

-0,0233

—0,0199

~0.0167

~Q,0142

-0.0121

—-0,010%

-0,0094

-0.0087

~(0.008G

=0.0056

-0.0040

-0.0013

~0.0Q00

CL.4000
G.0000
~0.003%
-0,0078
-0,0145%
‘0.0199
~0,0237
-0 ,.0258
-0.0265
~0,.0262

-0.0248

~0.0228
-0.0192
-0.0160
-G,0134
-0,%3113
«~0.0097
-0.0088
-Q,0084
-0,0080
-0,0058
-0.0047
-0,0013

-0.0000

¢.5000

0,0000C

-0.003%

-0 ,0077

=0 ,0145

-0 L.0197

~0,0234

-0,0255

~0.0261

-0,D0258

-0.0zZ42

-0,0221

-0.0184

~-0,0151

-0,0124

-G.0t02

-0,0087

-0.0081

~0.0D081

~0.0Ga80

~0.,0061

—0.0044

=-0.0013

-0,0000

8¢ 1
0.6000 0. 7000 C+RODO
0.0000 D.000D 00000

~0,0039 =~0,0039 ~0.0039
~G.0077 ~0.0D7T —0.007R
~0.0145 -0.0145 =—0.0145
~0,0196 ~0.0195 =0.0192
-0,0233 -0,0231 «~D.0R31
-0,0252 ~0,02861 -—0.0251
~0,0258 —D,0255 -0.07256
-0,0254 ~0,0P50 =040250
—0,0236 —0.,0p32 -~0e0231
“0.0214 ~-0,0208 -G.0207
-0,0176 -ololaa ~0+0166
~0.,0182° ~0,0(3a4 =0.0131
~G.0114 —D.0105 ~8.0102
-0,0091 -D,ODARR -—0.0077
~0,0077 -0,0066 ~0.D080
-0,0072 ~0.0063 -0.00%5
-0,007T58 =0,0068 =-0.0062
-0, 0078 ~0,0N75 -0.0070
~0.0064 -o.nogv —0NORG
~0,0047 =—0,0051 =N0NE5
-0,0013 -0,0019 ~0.0011
—0.0000 =0,0000 =—0.G000

ORIGINAL PAGE I8
OF POOR QUALITY

02000

0.0000

—0.0039

00078

=0.0146

~0+D193

“( 0234

-0+ 0287

040263

0« 0258

00239

-0.02124

~0.0174

~0.0138

—0.0108

-0 .0083

—-D+G064

-0,0054

“( 40056

=0 0063

=0 «NOAR

—Da0057

~0.001t0

=0 .0000

10000
0.0NNC
—1.0040
-~0,0079
~0.01486
~D 01086
~0.0242
~T. 025G
-N.0280
—-0,0273

~NLOPBY

-D.DF3H
—0.0159
—0 a0 164
-0,0135%
-0.0109
-0 e QOBE
-0 . D0AA
-0.0a056
~NL0nR2
~0.005%
~D D00 L
~0.000R8

~.0000

87



100

1,02

1.04

1.08

1.12

lel6

laZd

1425

1.34

1.60

1a70

1.80

.90

200

2220

Z 80

S5a.Q0

38

Q0000

—Q0+0Q00Q

-0.0003

—0.0012

-0.0068

-0.0098&

-0.0162

~N.0208

~D«G2861

-0, 0308

—0+0365

—-0.0a09

—0.0457

=~0+0487

—0. 05036

-0.0%19

~D.0527

—0aN533

—0.0538

~0.084a1

—0.05a47

=0+ 0550

~( 0552

~0+0553

TABLE 10.— PITCH MOMENT DERIVATIVE,

GC.1000

-0, 0000

=0.0003

~0.0012

=0.0048

~0.0097

-0.01563

00210

~04 0263

0. 0310

~0+ Q0368

-0a.0411

—GeQab0

~0.0490

~0,0R09

—-0.0521

~0,03530

~0.0535

—0,0540

—0.,0543

~0.0550

~0+0953

—0.055%8

—-0,0556

0,2000

0,0000
=-0,0003
—0.0012
~0,0040
-0,009G
-0.0166
-0, D214
~0.026%
-0 ,0317

~G.0375

-0,0419
~0.046%
~0.0499
-0.0817
~0,0529
~0.0535
“~D.0Sal
~0.0%545
~0D.0549
—-0.0558
~0.0561
~Q.0564

~0.0565

0,3000

-a,D000

-0.0003

~0,0012

-0.0050

~¢.0102

—0.0i861

~0,0221

~0.0278

-0.0327

~0.0388

~0.,0433

-0,0483

~0.0513

~{.0535t

~0.0541

~-0.0547

~0,0550

-0,0554

~0.055¢9

-0,057)

~0.0576

~0,.05749

~0.087G

00,4000

-0.0000

-Q,C003

-0.0013

-0,00%2

=0.0106

-0.0168

—0,0237

=D.02%91

—0.0343

=-0.0405

—0,0482

~-C,0503

-0,0533

~-0,0550

~0,0559

-0.,0562

-0,0563

-0.,0567

~0,0573

~0.0589

—~0.,05986

-0,05%3%

—~0,05%9%

¢,.5000

-0,0000

-3,0003

-0,0013

-0,005%

~G.0112

-0,0178

~0,0745

~0.0308

~0,0363

-0 .0428

-0,0476

00,0828

-0,0558

-0,0574

-02,0581

-~0.0582

~0,05681

-0.05A3

-0,0590

~0.0612

“(.0622

00624

-0.D625

EM ,

Oc
0.BO000D
-~Q,0000
-0,0C03
—0.,0014
=0 ,0058
~0,0118
~0.01&9
=-0.0762
=0.0329
~D,0358

~0.0457

—-0,0807
—0.0560
-0, 0589
-0.0604
—-Q,.,0R04
=~0. 0”07
—0.06032
0. 0604
~0.0817
-D.CHaQ
~0.0R55
~0. 0655

~0.0655

0.,7000
-N.,0000
~-0,D003
~-0.0014
—0,0063
00,0127
-0,020Q7
~0.DPHY
~0.0383
~D.0%14A

~0.0aRQ

-0 ,.,0541
-0,08%A”
-0 ,.,0625
-0,06839
~G,0847P
-0.0A38
~0,0631
~0.0A31
~0 0640
—D,DRAT
-0,0693
-0,0691

~0,DA9]

CL80DD

Q40000

=CaD0R3

~=0.001%

—=0.0071

~0a0137

~0.0216

=3aD301

=0« 0372

=DeDubsn

0«52

=0.D579

~0 0625

~0 N ERY

=0 «NA7R

~Q L0681

-0 0ATH

=0 +0667

-~ 0HGA

00674

—-0.0708

—D07386

~0a0T7T31

-0 L0730

DG00N

=0 Q000

~De 00D

~D+0015

~-0 0076

~0«N142

~0.0226

-GeN317

—01a07

~G 04748

-0.0558

~0 0616

~0«NB7S

~0«N705

~0.0720

~0 «+N724

~0 0720

~0.+0713

-040712

-0.0718

—L+O7H0

=D+ 7THa

00774

~0 0774

1«00DO

~0.Q00aQ0

~(s0003

~0a.0015K

~0,00R2

~0e0143

~0.0229

—N.0328

—Nel&l?

~0.0495

—-0.0585

~0 « A48

~D«0711

~0e0744

—0.07601

-0 s 07RR

- .0768

~0:07566

-0 0767

~Q Q7 Th

=0 0800

~Da0R3E

~DeNRZ4L

-0.0821



Le04

1.08

1,12

1a16

1a20

l.28

la3%

140

1.60

1470

1.80

1.90

20D

2.10

2.20

3.00

S« 00

0.0000

D.0000

Q«D000

0.0000

T« 0000

QL0000

0.0000

GJ0oD0

G 0G00

G.0000

O.0000

0.0000

0.0000

0.0000

0+0000

0.0000

0.0000

DL 0000

00000

C.0000

G.0000

0.009G

0« 0DGAC

0«0000

TABLE 11.- THRUST DERIVATIVE, ET s Y

01000

G.0D023

0.0D24

0.0028%

0.,0026

D.0027

0,0027

C.0028

00026

0.0026

0.3025

D.CD2%

C.0024

0.0024

d.,0023

C,0023

Q.0023

DL 0023

D.0023

C.0023

CeDOZ23

Q.0073

0.0023

0.0023

0.2000

¢,0058

0.0093

Q0,0097

L0302

G.0104

0.03104

c.0103

0102

CG.0100

T.0097

0.0095

0,00%93

0.0092

0,0081

0,0030

c.ao0QD

0.0090

00,0090

0,009

oL.0089

0,0088

0.0088

0.0088

00,3000
Q.D1G3
0.0202
0,0211
0,.0224
0,0228
0,0228
0,0225
0.0221
u.C217

0.3211

0.0206
0.9201
0.0197
0.0196
0,0195
0.0196
0.0196
00,0196
D.0195
f.0191
0.,01990
Q.0189

G.0189

0,4000

0.0334

0.0351

C.,0367

¢.0389

C,0396

C.0394

0,0388

G,0380

G,0372

Q.0360

00,0351

0,0341

0,033%

0,0333

0.03323

0.033%

0.0338

0.0337

D.0334

0.0325

¢G.0322

2.,03720

0,0320

0.5o000

00,0513

0.0541

0.0568

Q.0602

D.08611

0.05606

DL.O0525

0.0579

D.0564

0.0527

0.0496

0,0498

0,0505

0.0512

0.0512

0.0506

0,084

q.0478

00,0473

0,0a73

“e

0.6900
0,073
0.0778
0,0820
0.C870
0D.o882
D,0872
00,0850
0.0823
00,0755

0.0759

0.0731
0.0701
0. 0685
0.0681
0.0685
0.0699

0.D7:3

0.0716

0,0704

00,0663

0.06%2

0.0644

00,0643

C.T000

G.,1005

t.i072

G.1137

G,1210

G,1226

0,1208

CL.1160

L1122

G.10758

0.1013

0.0966

0.0914

0,08488

0.088D

¢.0889

C.0G11

0. NE37

0G.,0G643

0.0926

0,3857

0.0832

D.o82S

ORIGINAL PAGE 1.
OF POOR QUALITY

D«A000

Da1331

0e1440

01541

Oal1mab

DeadART

Nel&dl

OelR78

Talege

Gel&P0O

N0el317

0.1237

01181

D.1107

0.10%2

04,1103

Cal138

041175

0.1188

Dal164

0=1059

0.1034

01011

D.1008

0+9000
0.1719
01874
02034
Qe2201
022372
De2204
f.2110
e 1986
Gel8KRG

CelRIZ

Cs1562
Q01420
De1345
D«.13160
Qar325
D« 13R6K
DNelale
D.143%
O.1410
Tel264
0.1233
Oullaa

Cel190

140000
0+2184
0.23591
Qe2H39
0,2605
0.2R32
Na2928
G.2803
Ge2622
Ga2drg

Ce2167

0e1962
041735
Qu1R11
0+15k5%
015548
0e1600
Dal1662
0. 1RRA
O tR54
Ue1466
Ost435
N 1370

D3RG

85



P
1,00

1.02
1,048
1.08
1.17
lalfs
1290
l1e248
1.28

1.306

180
1+50
1.60
170
1 .80
130
2,00
2e10

2420

Sa00

90

040000

00000

D.0000

0.0000

040000

00000

Na.0000

0.0000

Q.0000

0, 0000

00000

00000

2.0000

0.0000

00,0000

0000

N.000C

Ca.0D00

0.0000

nN.0000C

0.0000

00000

00000

DeDDOC

TABLE 12.— ROLL MOMENT DERIVATIVE, EL s
o

0.1000

=0 0000

~0.,0000

—-0.0002

~0.0008

-0:0014

~0,0022

-0,0030

~0,0037

-0.0043

-3 0051

-0.0058

~-0,0063

-0.0067

~0,006%

~0,0071

-0,0072

—0.0D73

-0.0073

-0.0074

=-0.0075

-0.0075

-0.,007&

~, 0076

0,2000

-0,.,0000

-Q0.G001

-0,0005

~0.001&

-2,0029

-0.0044

-0.0059

~0,0074

-0.0086

-0.0107

-0,0113

-0.0126

~D.0134

~0,014q9

~0.0143

-0.014%

=0 ,014%

-0.0147

-0.0148

-0.02150

=-0,01581

-¢,0152

-0,0152

0.3000

~D . 0000

-0,0002

-0.0007

~0.0024

-0 ,0043

~L. 0066

-0.0089

~0.0110

-0.012%9

—0,0153

~0.0171

-0.01921

~0.0203

-0,0211

-0.0215

-0,0218

-2.0220

-0,0D221

-0.0223

-p.C227

-0.0228

~0,0230

~0,0230

C.8000

-0,0000

~0,0003

~0,0010

-0.0032

-0 ,0058

~0,0087

-0,0118

-0,0147

-0,0173

-0 ,0206

-C.0230

~0.0267

-0,0274

-0.0284

~-0.0290

-0.0294

~0.0295

-0.0297

-0,029%9

~0.03206

-0.0309

-0.0311

—-0.0331

0.,5000C

-G .C000

“0 0004

-0,0012

-0,0041

-0.0073

-0.0109

~0.0149

~0,0186

-0,.0220

-0.0262

~D,0293

-0.,0329

-0,0351

—-0.0363

-0,0371

-0,0374

—-0,0375

-0,0377

-0,0380

-0,0390

-0,0364

-0,0397

-0.0337

c

00,6000

~3,0000

-0.0006

-0,0016

—0..0049

-0.,0087

-0.0132

—C0,0181

-0.0228

-c.0271

-0,.0323

-0.0363

-.,0808

-D.0435

-0,04851

~0.DaR0

~0,04R3

~0.0463

~0.D463

-0,0467

-0,0481

-0,.,04B8

~0,0492

-0.0493

0,700d0

~0,0000

-0,0007

~-0,0020

-0,0081

-0,.0105

-0,0157

~0,0716

-0,0274

-0,N377

~-0,03827

-0,0a82

~Q.04Q8

-0,06831

~0.0851

—-0.0561)

—-0.0%A8

-0.0%43

~0.0563

—D.056A

—-0.05R4

-0 .0595

—0.0N599

-0.0600

08000

-0 o DOCO

~0.0009

~0.0025

~0aDN75

~-0eN125

~0«D1R3

-GeN252

~0.0373

—DLD3AT

~0a0069

-0 .0830D

-0 «0R0D

—-N,.0NF41

—0.0RAH

~0a0RED

=D 0R8E

~0DFRP3

=Na0681

-D.0684

~0.0703

00720

—0.0723

—N-0D774

0.2000

-0.0000

—0e0011

00028

—0.0090

—0.0143

020203

—0.0284

-0+ ORRA

—DeDua7

—D+CHAR

—Q«0RPS

~3a0D713

—0+O76F

—0 0789

-C.0819

00878

-0.,0879

-0 «DAPA

-0.0829

-0 0847

=0« DAFRE

N NBHI

=0 0R70

1.0000

=0.0000

~Na0D13

~0 40031

—0a.0113

-0 .0t SR

-N.0717

-0.0300

-0 .038R

~0 DAY

-NaGhLS

-N.0717

-0 «0R30

~Ne0301

-0.0947

-J«QE7A

~0 0098

-0+ 1009

-Da.10172

~0a.1013

~0e 1022

-0elQ48

~Dw 043

—-0.1043



1.00

"1.02

1.04

la12

l1.16

1.24

1.28

134

1440

150

l.60

1.70

180

1.30

2«00

210

2.60

S5.00

D.0000

N.0000

. 0000

0.0000

0.0000

0.,00C0

0.0000

GaD000

©.0000

0.0000

£.0000

00000

00000

0.0000

0.0000

0.0000

0.0000

C L0000

DL.0000

0.0000

00,0000

00000

0.0000

0.0000

TABLE 13.— PITCH MOMENT DERIVATIVE, C—Mu > ¥ =5, 8
c

00,1000
00,0000
C,0005
00,0010
00,0020
00,0027
0.0032
0.003S
0.0036
2.0036

0.0024

D.0032
0.0027
0.0023
0.0020
D.0C17
0.0015
0.,0013
6.00!]
00010
D.0007
0.0005
Q,0001

0.0000

00,2000

=G.0000

C.0011

¢.0022

0.0041

00,0056

0.0067

0.0073

0.0076

2.0075

Q.0072

L.0067

0,0057

00,0049

0.0042

0 .C00z28

0.0025

Q.0022

G,0C15

0.0011

0.0003

0.000¢0

¢.3000
-0,0000
c,00L7
0.003s
0,0064
0.0689
0.,0106
G,0117
0,0121
s.0121

Q.01156

6.0107
0.0092
0.0079
0.0067
0.0058
¢.0050
C.0085
0,0040
0.0037
0.0025%
c.0018
6.0006

Q.0000

00,4000

-0 ,0000

C.0024

00,0048

0.0092

0.0128

0,0154

0,016%9

C,0176

0.0176

C.0168

00,0156

00,0135

00,0115

¢,0008

0. 0084

0,0073

0,0085

D,005%

0.00655

0.0038

c.0028

0,0009

0.0000

¢.5000

=0.0000

0.0032

0.C065

0,8126

0,017

c.0211

C.0234

0.0244

D.C284

G.0235

¢.0218

0.0188"

0.0160

0.0136

0.0116

0,0101

1.009G

0.0083

B.0077

0,0055

G.0041

¢,0013

0.0000

0.,6000
¢,0000
GL.00a2
0.0985
00,0168
0,0234
0,0285
00,0317

¢,.0331

G.0298
0.0256
D,0218
0.0185
0,0158
0.0137
0.0122
0.0112
C.0105
00,0077
0.0058
0.0018

0.0000

0.7000

~-0.0000

. 0054

G,C110

Q.0227

0.0377

0,0a22

0.0443

00,0446

0.04829

0,nN&400

0,03a4

Q.0293

0.,0724%

0.0212

0.0183

00,0163

G.0151

0.0142

00,0105

0,0080

00,0025

0,.0000

q;

QeRONO
~0.0000
9.00&8
0.0140
Da0292
N.0303R

G« 048G

00563

Ns0D5A84

00550

0+056%

Q0530

Q0467

0+0389

0,033}

0.0P283

O.N244

C«02:7

0.0200

0.01R7

Na.0140

G+D10R

0.0033

0«0000

ORIGINAL PAGE IS
OF POOR QUALITY

0.5000
C.0000
0a0083
Q0175
0«0381
0+0AG3
Q=0RPD
G-.07089
Ge0755
Ces A7 HT

0.0743

00690
O 0600
D«0513
0.0438
Q.0377
O.D3é6
00289
T.02684
D.0245
0s0183
Cellal
C.0043

0.0000

1.0000
—0 G000
0a010D
0s0215
D.04972
0.0527
00767
0.0R84A
040952
0a0874

040950

0,.089]
00770
0« 0R6R
00573
00496
D.0433
040385
040349
00370
0.072368
040180
00054

0.0000

ol
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TABLE 14.— THRUST DERIVATIVE, ET Y
B
O

5, P =1.15

B 0 ,0000 Cal000 0.2000 Q3000 0.4300 ©.5000 Q.6000 0,7000 0.B000 0.90G0 1-.0000
0,a0 01890 0.1933 C.2057 0,2265 0.2565 0.2984 0,3576 0.4436 D.E5699 Da7558 10101
0,70 0,.183% 0a1878 0.200% 0.2218 0.2527 0,2960 0.3574 Q8865 05772 CaTEG1 1.0318
¢ .80 0a.1782 0.1825 0.1952 0,2166 0.,2476 00,2911 0.3528 Q.44a19 05716 Ca7804 1aD167
G50 QL1732 D177 0.1900 0.,2110 0.2415 0.284] ©,.34843 0.4308 D.5546 T 7327 09712
D .00 C.1685 0.172&6 D41848 0.2081) 0.2345 0,275S 0.3328 D,4140 Ce5290 0.6912 0.2050
0,30 Q1641 021680 0,.1796 {.1990 0,2269 0,2656 0.3192 0;3938 0.8979 0.6417 C.8282
0 .20 0.159% 0.,1636 Ue.l74B D.1928 D.2190 G.2549 0,3041 G,3716 0+4639 0+5889 G.T4BB
0,10 0,155%9 C.1594 G.1595 0, 1866 0,2109 0.2439 0,2884 0.348a De4292 Ga5366 0 6721
0,00 0.1521 Ca.1553 00,1649 0.1806 0,2028 C,.2327 0.2726 0,3254 De3954 04869 O«6012

-0.10 DolaBa 0.151a 0.1602 0.31786 D.1989 G.2218 0.2571 0,3033 03638 04410 N.8374

-0 o 20 041480 0,1477 0,.1558 015689 0.1871 b.2112 C.24P3 0,7823 03339 0a3964 04807
-0 530 0,1417 Caltdz 0,1515 08,1634 0.,1797 0.2010 0,.,2282 0,262R Ca3068 0.32623 Cat309
«0 q40 0,1385 Oataps Q,1470 0.1581 0.1726 0,1914 0.2151 0.2448 Ge2B2A 0.3292 O.3RTH
~0 450 Co 1358 0.1376 00,1435 0.1530 0.1659 0.1824 0,2029 0,2284 GaPH03 Te3000 03424
~0 06D U,31326 0,1345 0.13%98 0.1463 C.1598 0.,1740 0,1917 0,2134 02405 De2T4Z 03162
-0,70 0.1298 Ca1315 60,1363 0.1437 0.1537 0,1661 0.1813 0.199R 0.22PA De2612 02873
~0 .80 0.1272 0.1287 0.1329 0.1394 a,ta81 0.158% 0.1718R 0.1R75 0.2070 0.2313 02619
~0 .50 C.1245 0.1259 C,1297 0,135  D.1429 C.1521 04,1631 QL1768 0,1928 0.72134 0.23287
~1,00 C.1222 00,1233 0.12566 0,1316 0,1380 0.145% 0.,1551 Q,1663 0.1801 Q01976 NeZ201
~1.10 0.1198 0.1708 0,1237 0.1280 0,133a D.1401 0.1478 0.1571 0.16RR Qs 18358 02028
~1,40 0.1133 0.1139 0,1167 O,116&3 a,1215 a.1251 0,1723 0,13a4 041410 01498 DalF1S
-3.00 040877 ‘0. 0BTS G.0869 0.0857 ¢.0840 L0810 0,0795 G 0774 0.0758 007548 D.0766

—~c0 0.0000 0.0000 0.0000 0.,0000 ©,0000 ¢.0000 ¢.0000 00,0000 D«000D 00,0000 0.0000
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TABLE 15.— ROLL MOMENT DERIVATIVE, ELe , Y =5,P=1.15
9]

H 0,.0000 D.1000 0.2000 0.32000 T.4000 0.,5060 0,6000 00,7000 0.8000 0 .9000 1.0000
0.80 ~0,0000 D.0009 0.0919 DL,0031 L.0046 00,0063 O, 0094 0,012%9 C.01758 0eD2H8 0.0338
C.70 —0.000@ 0.0003 00,0007 0.0012 00,0020 0,002%9 0.00489 G,0074 C.0109 DeD1I79 0.0298
.60 -0.0000 —6.0002 ~0.,000¢ -0,0004 ~-0,0003 -0,0002 C.0007 G. 002G G.0047 Q0094 Ce0193
.50 -0.0000 -0.,0087 =-0,0014 ~0,0020 =-0,0025% -0,0031 —0.6%30 ~0.0028 -0.0019 D.0016 Q0094
G,40 -0.,0000 ~0.0011 ~0,0023 -0,0034 -9,0045 ~0,0057 -0,0063 -0,0071 ~0sH073 ~0.0051 0«000A8
0,30 ~0,0000 -D,0015 -0,0031 ~0.0088 -0,0062 -0,0079 ~0,0092 -0,010/ -G.0117 —0.01068 ~04+ 0061
0,20 =0,0Q00 ~0s0019 -0,0037 -D,.0087 —0-0076 =0.,0097 =0,0115 —-0,0135 -0«0151 —0.0149 ~0.011%
G410 -0 ,6000 —G.0021 ~0.,0043 -0,0065 -0.0087 -~0.GI117 ~0.0133 =0.0157 =-G.01t77 -0.0180 =0, 0165
0.00 ~0,0000 -0.,0024 ~0.0043 =~0.0072 -0.0097 =0.0123 ~0.0147 ~0,0173 =-0.0195 —Da0202 —0,0183

-0.10 -0,0000 -G.0025 -0,0051 ~0L.,0077 —~0,0104 -0.0132 -0.0158 ~0,01B4& -0.0207 ~D.DZ16 ~0,0202

—0.26 -0.,0000 ~0.0C027 -0,0054 -0,0081 -0,0109 —-0,0138 -0.,0164 -—-0D,0i192 =0.0215 “GeDZ24 “0.0213
-0,.30 =-0,0000 <~0.,0028 —0,005¢6 —-0,008a4 -0.0113 =«0.0042 =~D.01869 <~0,.019F =~0,0714 -O-DZéB -0e0220
-0 .40 -0,0000 -0,0029 -0.0055 -0.0086 =~0,0115 =0,0144 -0,0171 —0,0197  —0.0219 =0.0229 —.0723
-0 450 —0,0000 -0.00209 -0,0068 -0,0088 =0,011& —0,0145 -0.,0171 -G.0197 =D.0718 -0+0728 —0.DP23
—6.60 -G ,0000 -D,0PR9 ~0,0059 —0,0088 -0,0116 -0,02145 —-0,0170C -0,0195 -~040P15 ~0.0224 —L.0721
—O,TG ~0.0000 <«0,002% ~-0.0059 -0.0088 ~0,0116 «0,0144 =-0,0168 ~0,0192 -=0,N211 :~0.0220 -020218
=0 B0  =0,0000 -~0,0029 -0,0059 ~0.00R7 —-0.0115 «0,0142 =0,0166 -C.018BR =0.0206 —0.0215 ~0a0716
0,90 -0 ,0000 -G.0029 -0,0058 -o,0086 -0,0113 -D.0140 ~D,0163 -0.0184 -0«0200 ~0.0209 -D«0209
~-1,00 =0,.,0000 -0.0029 -0,0057 =~0,00B% =0,0112 =0,0137 =0,0159 =0,0179 -0+0195 -0.0203 -0.0703
~1510 =DL0000 —-0.0028 -0.0087 ~0,00B4 «0,0109 =0.0136 =0,0155 =0,N176 =D0,0189 —0.0D197 N <0198
1440 =0,0000 «0,0027 =-0,00%3 <=0,0079% -0.0102 -0.0124 -0.0G143 ~0.6159' —040171 -0.0179 -0 .G 180
~5,00 —0.0000 ~0.0018 —-0,003% ~0,0051 -0.0065 -0.,60768 —0,.6085 ~0,0093 -0.009A 00100 —0.0101

—o0 a,0000 2. 0000 ¢.0000 0.0000C Q.0000 00,0000 0,0000 00,0000 Na.000n DeNOOD D.0000
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Ca.70

0460

-C.10

-0.20

-0,30

-0 .40

=0.,50

-0 .60

—-0.70

-0 ,80

-0 .50

~1.00

~1.+10

~1.40

94

TABLE 16.— PITCH MOMENT DERIVATIVE,

0.0000

0,0000

0.0600

0.0000

C..0000

T .0000

0.0000

00,0000

00,0000

0,0000

00,0000

00,0000

0.0000

0.0000

0,0000

0.0000

00,0000

G.0000

0.0000

0,.0000

0.0000

0.0000

00000

C.0000

G.1000

0.0108

0.0104

0s0101

Ca0097

0092

0D.0088

0.0083

D,0078

0.,007a

0.0D70

0.00865

Q0061

0.0057

C.0054

0.0050

2a0047

0. 0044

0.004]

00030

V0036

0. 00350

C.0013

00000

G,2000

0.0223

0.0216

Q.0208

0.020¢

0.0191

0.0181

C.0171

0.01681

0,0152

00,0143

0.0134

¢.0125

D.0117

0.0109

0.0102

CL.O094

0,0089

0.0084

C.0078

00,0073

00,0061

0.0026

0.0000

0.,3000

0.0352

G.0342

0.0330

0.0316

0.,0301

0,028

0.,026%

G,0253

0,0237

0.,c222

0.6207

G.0193

¢.0180

0.01l88

0.0157

0.0146

C.01356

0.0t27

0.0119

T.01112

0D.0091

¢.0039

0.G¢00

00,4000
.0506
0,D492
G.0474
00,0454
0,043
0.0408

00,0382

d.0312

Q.0290
00,0269

0,0249

0.0215
0,0199
0.0185
0.0172
G.0161
0.0150

2,0122

0.0000

0.5000

00,0685

G.0677

3,.,0653

0,0624

00,0591

0.0556

0.0519

0.0483

¢.0548

0.,0414

¢.0283

00,0353

00,0326

D.0300

C.0277

0,02556

0.0237

0.0220

D.0204

2.01589

0.0153

0,0084

0.0000

0.6000

0.0935

0.0814

C.0B82

0,0840

00,0792

00,0740

G.OBBT

D.0A34

0,0583

00,0534

D,048%9

C.0a48

0,03a5

0.0291

0.0268

0.0248

0.0229

D.0184

G,0076

Q,0000

0.7000

G.1249

Tel22a

0.117%

D.111R

00,1047

00,0089

0.0R9]

D.DR13

00,0740

00,0671

0,0R00

T.0552

0.0501

0.0415

D.037R

0.0346

¢.0317

D,0792

0.0269

00,0214

0. 008R

0,0000

0.3000

CelR57

Del626

GWlSHP

0s1471

01364

O0.1249

021133

Cel021

Qe0917

040R23

00738

Qetthn2

Da.0595

00536

DaD4l5

00439

Ce0aCO

00364

0.0333

QN304

Qe0OP41

0.0099

00000
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03000
Ga2165
O=2126
Q2032
0.1897
0.1737
O0.1568
0.1401
DalZad
O+2102

Qe0976

De0BAS
00788
0aD6E84
QJaDALZ
0a0549
00049y
Da.0547
00406
00370
00,0330
Ue01264
0.0110

0.0000

10000

Ga276H

0w 2695

D.21323

0. 1894

Dal669

126y

041277

Ows1118

T4 0S80

NDe0RAZ

0e07HZ

0.08677

QaQ/DA

ND:0541

Ce0aR7

0a048400

N0w0400

D.0364

D.0283

0.0119

00000



u
eq1
0,80
0,70
0.50

0 .50

0,440

-0,10

—0 .20

-0 .50
-0.860
~0,70
~0 .80
0,90
=1.00
-1.10
~1a40

-3,00

00,0000

-0 ,.0000

-0.0000

040000

-0,0000

-0 ,0000

-0..0000

-~0.0000

-0 ..0000

=0 ,0000

-D,0000

~0 0000

-0 40000

~0.0000

~0,0000

—D,0000

-0 4,0000

-0 ,0000

—0..,0D00

-0,0000

-0 .0000

-0,0000

-0,0000

0.0000

TABLE 17.— THRUST DERIVATIVE, 'c}e .Y

0.,1000

D.0346

0.0341

C.0334

0.0325

C.0315

C.030a

Q.0292

Ca0279

L0266

0.0254

00,0241

00,0229

C.0217

0.0205

CeQi9g

TaOl &4

C.0174

D.0164

D.0155

0,147

0.0125

C.0060

Q. 0000

00,2000

0.0703

0.,0603

0.668¢

D.0662

0,0642

00,0619

¢.0594

Q,.,0568

00,0541

f.0515

D, 0469

0.0863

0.0438

D.C814

0.0392

G.037C

0,0350

00,0331

00,0296

0.025%

0.,C0119

G.6000

¢.3000

0.1081

0,1071

G. 1052

G.1026

0.09%94

0,0958

0.0918

0.0877

00,0835

0.a792

0.o750

0.0709

0.0670

0.0632

0.0597

6.0563

0.0531

00,0501

T o,0473

00,0847

0,0178

G.0000

0.4000

0.1502

0,1493

1471

0,143&6

0.1392

0,.1340

0.1283

G.1222

D.1160C

00,1097

0,036

0.,0976

0D.0919

Q.0865

D.0814

0.07686

0.0721

0.0679

0.0640

00,0603

¢.0509

00,0237

0.0000

0.5000
0.1994
0.1092
0.106G
0.1925
0.1864
0.1791
0.1710
0.1623
0,153

D.1486

0.1359
0.17276
0,1197
D.llé?
0.1052
c.0986
0,0926
C.0869
n.0817
V.076%9
00,0645
0.0297

0.,0800

5

0.,56000

0,2609

0.2624

0+2600

e 2355
0,2237
0.2112
041985

0.185%

0.1622

0,1417

0.,1231

G, 1077
0.1010
0.0948
U.0790
0.035%9

0,2000

5, P

0.7000
6.3430
0,3460
0.,3846
0.3367
60,3263
0,3087
0,2913
0,220
0.7845

0,L,2366

Ds2105E
04,2035
D.1887
ND,175R1
D.1R2A
L1512

0.1408

0,1228
0.1150
Q,0953
D,0428

0,0000

1.15

08000
0.4561
CaaH3R
044611
Cu443l
Qe300
Daa0861
043796
03523
N.37254

022098

Q2759
0.253%
0.7339
0.215#
Tul994
Cl.18486
D.1713
01593
Dt 4R5
041387
Oellad
Ne.N509

DsD0D0

0.906G0
0465149
0.6291
D.R238
06042
0.5738
0.5357
046950
0.454%2
De&151

0.,378R

0De3a56
043157
0«2890
Qe 7651

0«4 33

0+2081
01930
0s1795
Da1673
01375
0.0604

D.000D

1.0000

QeBRat

TeBa63

0.8375

0+8056

0.7570

08994

0.63%0

D=5801

De5252

Qen?s2

4306

03510

0«3562

Ne3255

0.2984

Ne2745

0+2347

Gs2179

0«2030

Deland

D.0720

o000

95



i
0,80
0,70

0.60

G,20

G o1l

-0 ,20
—0 o 30
-0 40
-0 .50
~0 360
~0 .70
-0 .80
-0 .90
—1,00
~1.10
—1.40

=3.00

96

05,0000
=0 ,0040
=0 ,0057
~0 ,0072
-0.0087
~0.,0100
-0.0111
~0.0121
-0,0130
-0,0137

—0,0i43

-é.clqa
=0 ,0152
-0.,0155
~0.0157
~0,0158&
-0,0158
-0,0158
-0.01%8
—CL.0157
~0 40156
~0a0151
-0.0116

00,0000

TABLE 18.— ROLL MOMENT DERIVATIVE, f:'Le , v =5,

0.1000

-0.0038

—-D.0055

~Ds0071

-Q0.0086

—-0.0099

-0s0111

-0,0122

=0 0131

-0.0128

~0.014&4

~0.D149

~Co0153

-0 0156

-G.0t58

~0.0159

~0,0159

-0,015%

~0.¢is9

—0.0158

-0. 0156

~Qe 0151

—G.0D116

G.0000

0.2000

=-0,0031

-0..0050

~-0.0067

-Q,0084

~0.00%8

=0.0111

-0.0123

—-0,.,0132

-0,0140

-0,0147

~D,0152

~0.,0156

-0,0159

~0.0l61

-0.0162

~0.01e2

~0.0162

-0,0161

—G.0160

-0.0159

-0,0153

“0.0117

0,00DQ

0,3000

-0.0020

~0.0041

—0,0062

—-0.0080C

~0.,0067

-0,0112

-0,0125

-C.0135

=0,0144

—0.0151

—0.0157

—0.0161

~0.0164

~0.0166

~0,0167

-0.0i67

—G.01587

-t.0168

~0.016%

-0.,0163

—0.,01857

-f.0119

0.0000

0.,4000

-a,0003

~0.0029

-0.0053

~Q,0075

=D.0095

-0,0112

=0.0127

~-0,0139

=0.0149

~0,0157

~D.0163

-0.0168

~0.0171

-0.017%72

=~0L,0173

-0,0173

~0,0173

-0.0172

=~0,0170

~0.0168

~0.0161

-0,0121

0.0000

Q.5000

a4,0016

—0,0013

=0.,00482

~0.00659

-G.,0093

-G,0114

=0.0131

-¢.0145

=-0.0157

~0.0165

~0.0172

-0,0176

=-0,0179

-0,01&1

-0,0181

-0,0181

=0.0180

-0,0178

~0.0176

~0.0174

~0,0164

-0,0123

0.0000

s

0.56000

0.00449

00,0011

-0,0023

~0.0057

-D,0086

-¢,0111

—0.0132

~0.0i69

-0.01862

~0,0172

—0.0179

—0.0184

—0.0188

-0.0188

~0.0186

~-0,0187

~0.0185

-0,.,0183

=0.0181

-0.0178

-0 .016%8

-0.0124

D.0000

00,7000

Q.0088

0,004z

-0,0001

~0.0042

-0,0078

-0,0109

—-0,0134

~0.0153

-0,0168

-0,0179

—0,018f

~0.0121

—0.,0193

~0,0194

~D,0194

-0.0t92

~0.0190

—0,0187

~0.0184

0 0181

-0.0171

—-0,01724

G.0000

P =1.15
0.8000 Ge9000
0.0140  0.02R2
0.0084 0.0156
C.0030 00088
~0.,0020 0.0025
-0.0064 -0.0029
-0.0101 -0.0074
~0,0131 -0.0110
~0.0153 =0.0137
~0.0170 ~0.0156
~0.0181 -0D+0170
-0.01B9 -D.+0178
-0s0193 -0.0184
-0.D195 -0.D186&
“0.0196 =D.01R7
~D.01G5  =~0D.OLB6
-0.0193 -0,0184
-0.019D -0.0182
—0.0187 -0.D179
“0.0184 «0.0176
“040180 ~0.0173
~0.016G =0.0162
-0.0173 -0.0120

0.G00D 0.0000

10000

0.0343

De0265

D:0184

O.0lor

00038

~0a.0017

—-N.0062

~0.009%

~J+0120

=0e 0137

—0.0149

~0.0156

—0.0161

~0.0163

“Na0164

~D 01864

~0.D16&3

—D«0161

020159

~D 20126

~0 0148

-D.0115

0.,0000



TABLE 19.- PITCH MOMENT DERIVATIVE, EMG » ¥ =5, P=1.15

v ©¢,0000 O.1000 G.2000 0.,3000 0.4000 0.5000 0,6000 0.7000 p.8000 p.9000 1. 0000
.80 0.0306 0.83L7 G.0350 0,0408 0,0496 0.0619 0.0789 0,1018 01320 041696 0.21;5
9,70 040301 040311 G,0244 0.0400 0.0486 0.0607 0.0775 0,1002 Da1301 0s1673 0.2087
0,60 Q+0294 D.0304 0.0335 . 0360 C.0473 0,0589 00,0751 .6.0969 012585 01607 G.1992
0,50 0.0z88 0.0296 0,03225 0.0377 G,0455 0,0566 0.0719 0.0G24 Ost 188 0.1507 0.1849
Q.40 00277 0.0286 C,0314 0,0362 0,0436 0.,053% 0,0681 0,0868 0.3108 041386 0a167R
0,30 0.0266 0.0278 ¢,0301 0.0346 0,0415 0,0509 0,0639 0.0§07 041016 041256 041499
0,20 0,0256 G 0263 0.0288 0,032% a,0392 00,0478 0,0556& 0,0745 GWOGF6 Deli?z? 0. 1325
D.10 0.0244 Ga0252 0.0274 0.,0312 0,0369 Q,G0447 0.DS552 0.06RZ 0.0R/37 Oe1005% 0s1165
.00 0.0233 0,0239 0,0260 0,0D295 D.0347 0.0417 0.050% 0L0623 00755 DL0ESY fe1023

—0,10 Ta0221 g.0227 0.0246 0.0278 00,0325 D.0387 0.0469 Q.,0587 0.0679 00790 0.0898

-0,20 D.0Z10 0.0216 0.0237 D.0261 0.0303 0.035% 0.0431 C,0%16 QW0R11 C.0706 0.07%1
~0 <30 00199 0.020% 0,0218 0.0245 0.0283 G,0332 0.0356 CL.0469 0.0549 G+0629 G698
~0 o 40 0.0188 0.,0193 0.0207 0.0E30 D.0264 c.0308 0.0363 0,0a27 00405 0.NBAEZ 040619
-0.50 0.0178 0.0182 0,01%4 0,02158 00,0246 0,0285 0.0334 Q.D380 0eN&s7? 0,0503 GL 0550
-0 60 C,0168 Q.0172 o,0183 Q.0202 G.0229 Q.0264 0.0307 0,0358 00408 Ga04572 0.06G7
-0.70 04,0159 Ca0162 0.0172 0.0189 G,02t0 G.0208 00,0283 0,0324 0+03RR Ca0408 00841
-0 .80 0.0150 0.0153 00,0162 0.0177 0,019% 0,0227 D.D26H0 0,0297 D.D335 D.0359 00397
-G .90 GL.014t D,0144 G.0152 Q.0166 0.0186 0.0211 G.0240 0,0273 0.0305% 040335 040359
-1.00 0,0133 D.0136 0,0143 9.0156 0.0176 0.0196 0.0222- 0,0251 0.077% 0.03205 0,0326
~1,.10 0.0126 00128 0,0135 0.0147 0.0163 0,0182 0,0206 0.0231 0.0756 0,0279 QL0297
~1,40 C.0106 Q0108 0.0113 o.0122 G.0134 0,0148 Q.0166 o.ofsa Q0201 Ca0Z215 0.0228
~3.,00 040048 0,0049 0,0050 0L.0053 0,0056 0,005% 0.0064 0.008% 0.0072 QaD07 6 G.0074

~oa 0,0000 00,0000 G.0000 00,0000 0.0000 00,0000 o,0000 0.0000 O«0000 Ca.0000 ND.0000

Gh 18
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0,70
0460

0 .50

Q.00

-0 a3

~0 .20
-0 .30
-, 40
~D,.50
~0 .60
-0470
-0 .80
-0.50
-1.00
1,10
—1,4D

-2,00

98

0.0000

0..0000

0.0000

0 .0000

G 4,0000

0 ,0000

0 ,0000

0 ,0000

00,0000

0 .,0000Q

0.0000

QL0000

90,0000

0,0000

0,0000

C,0000

¢L0000

Q,0000

€L.0000

CL,0000

GL.0000

0,00006

0,0C00

00,0000

TABLE 20.- THRUST DERIVATIVE, E%G s Y =
c

0.1000

0.0123

0.0100

0.0078

C.0058

0,0G40

0.0023

Q,0008

=0,0004

-0.0016

-0,0025

—0.0034

00,0041

~QaD04T

~0a 0052

-0, 0055

~0. 0059

=0, 0061

=0 0063

=0, 0064

~0.0065

-0, 0065

~Ca.005]

Ca0000

0.2000

0.0249

D.0203

0.0160

00,0119

¢.0Gal

Q,0047

00,0017

=3.0009

-0,0032

—-0.0052

=0.D069

-C,0083

-0,009%5

=0.,0104

~0.0112

=-0.0118

~0.0123

-0.0126

-0.0129

—0.0130

~-C0.0131

~0.0101

0,0000

0.3000

0.0380

00,0311

0.0245

CL.Cl82

C.0125%

Q,00a73

00,0026

~0,0014

-¢,0050

-4,.,0080

~0.0106

-D,0127

=0.0185

~0.015%9

~0.0170

~0,0179

~0.C0l86

-0,0191

~0.0194

-0,01986

-0,0197

-0.0151

0.00GG

0.4000

0.0520

Q.0427

00,0335

0,0250

00,0171

0.0098

0.0033

~0,0022

-0,0071

—~0,0%12

-G.0laY

=0 ,0176

-0,01599

00,0217

~0,.,0232

=-0,0243

~0,0252

~0.0258

=0.0262

=0.0264

-0,0264

=0.0203

0.0000

0,5000

2,0675

Q0.0556

0,0438

0,0325

Q.0220

0.0124

0.003%9

-3,0034

-0.0098

-D,0151

—-0,.0166

~0.0231

~0.,028B60

~D.02583

-0,0300

-0,0314

—0,.0323

-0,0330

-0.0334

~0,0337

-0,0334

=0.0257

0.0000

00,6000

0.0B62

0.0712

00,0560

0,0413

0.0275

0.015¢

¢.0040

=0.0054

-0,0134

-0.0200

-0.0254

=-0.02%98

-0,0332

~0,0359

~D,037%

-0,03%94

~0.040a

—0.0411

~0.0415

-0.0417

~0,0412

-0,Cc318

00,0000

0.7000

0.1097

G.090%

0.0713

0.Q179

C.0037

-0,0083

-0,0182

~0.0260

~-0G,0529

=0.0380

-C,041%9

-0,0449

-0,0472

-0,0488

-0,0498

-0.050%

=2.050R

~0,0509

-0,0507

-0,0391

0,0000

G.8000

Oal412

001173

De0818

Ce0HES

00427

Q.07 14

QG031

~-0a.0121

~G.0245

~Da0344

~0.0622

~0.0481

-0,0527

-0.0561

—0..0585

—0.0602

—0«0613

~0=0620

~0a.0623

-0.0623

~D+0A12

-0+0488

0.0000

0.9000

G+ 1854

Del54n

Ce«1206

Q0865

Q10545

CW0263

0s0025

—0,.,01T7T0

=0 20325

—Ceb4f

—-0..0540

00610

“006(3

D 0702

~0.0729

-d.07a8

—0.0761

~0.0788

~0+0771

00771

Q0760

~Hs0624

V0000

l-0000

0a2a87

0a2051

0alRDQ

Oa1140

00712

Ta0338

00027

-0aD?21

~0e0417F

~0.0568

0 .0RB3

-0.076%

~D.0833

—0.0880

-0.,0914

—~0.0937

—0.0953

=0, 09h3

~0:0968

00970

-0.0961

-0.0R20

0.0000



TABLE 21.— ROLL MOMENT DERIVATIVE, Cp, , v = 5, P = 1.15
<

® G.D00D f.1000 0.2000 0.3000 C.4000 05000 0.6000 D.7000 DWAGGE 0.o000 1.0600
eql
.80 -0,0306 -0,0305 -0.0302 —0,0296 =0,0290 =-0,0280 =0,0269 -0,0855 =-0.0237 —0.0217 ~0.0177
0470 -0,0301 -0,0300 ~0,0P%8 ~0.0894 =~G.028Y =-0,0282 ~0.0Z75 -0,0868 -0.0252 -0.0235 —0.0208
0460 «0,079¢ -0,029 ~0.0262 =-0,0289 -D,0286 ~0.02R1 <—0.0P7A ~0,0P70 -0,02A1 ~0.0250 —0.0232
0.50 -0,0286 -0.02B6 ~0,CRR4 —0.02R2 ~0,02H0 -~0,027Y7 —0,02874 —0,027T0 -D.0260 ~0 D258 -D.0247
0,40 —0.027j ~0.0276 -0.0276 -0,0274 -0,0272 ~0,0270 —0.C265 ~0,0PBK —=D,07A2 00259 -0H.0254
0.30 -D,0267 ~0.0266 -D,02686 -0.0264 —0.0283 —0G.0860 «0.0259 —D.OPS5A ~N.0DP55 -0.0865 -0.0254
C 20 -D.ORHE =0,0P55 —0,0255 -—0,0254 —0,0252 —-0,0250 -0,0749 -0,0788 —0.0P46 —0.0P47 —-0.074%
G.10 ~0.0244 -0,0244 =~0,0243 -0.0242 ~n;02a1‘ -0,0238 —o.qzsa ~0L.0PIR ~04NPAS ~DWDPIT  -D.0Pa?

0400 ~0,0233 ~0,0233 =0.0232 =-0,0231 =-0,0228 ~0.0226 =-0,0225 -0,0224 =0.0223 -0.028A ~0.0232

=010 —0,022]1 ~0,0221 «<0.0Z20 =0,0219 -0,0217 -0,0214 -0,0213 =0,0P)1 «0.0P11 ~0.0214 =~D.0222

0,20 -0,0210 ~0.0210 -0.0209 =-0G,0207 =-D,D205 —0,0207 -0,0201 —0.0199 ~0.0198 —0.0203 «0,0212
~0.30 ~0,01%99 ~0,0199 =0,0198 -0,01948 -0,0194 -0,0191 ~D,01B9 =—0.G1A7 -0.018% —p.0192 <0.02072
—C.40 -0,0188 -D.018B8 -~0,01B7 -0.0185 =~0.01B3 =0,0179 «-0,0178 —0,017h —0+0176 —0.0181 ~D.01G7
—0.850 -0.4D178 -0.0177 -0,01756 -0.D174 ~0.0172 ~0.0169 -0.0167 -0,0168 —-0.0166 -~040171 -0.0183
—0.60 -0.0168 =—0.0167 —0,0166 -0,0164 =0.,0162 ~0.0159 ~0.0157 =0,015% —0.0156 -0.0162 —0.017&
-0.70 -0,01586 —0.0[;8 —-0,0557 =~0,0I55 -0,0153 ~=90.014%9 -0,0148 —0,0147 -0.014R -0.0154 -D.DIAT
=0,80 -0.015¢ -0.0149 -0,0k48 -0,0l46 -0.0144 =-0.0141 -D.0139 -0,0138 -0.0139 -DuN186 ~D.0160
~0,90 ~0.0341 -0.0141 -0,0140 -0.0138 -0,0135 -0,0132 -0.0131 —0.9131 —0.0132 ~0.,0139 —0.0164
-1.00 -D,0433 «0,0133 -0,0132 -0,0130 -0,0128 -0,012% —0.0124‘ —DL.0122 ~0,012% -0D.0133 —0.0147
=110 =0,01256 «0,0125 —0.0126 =0.0122 =0.0120 =-0,0118 =-0.,8117 -0,0117 =DsD110 —DJOIP? —(ul14P
~}e80 ~D40106 ~D,010G6 -D,0105 —0,0103 —0,0101 -0,0009 -0,0099 ~0.46100 «0,6103 —0«0117 -0.0127
~3,00 ~0.,0048 ~0.q0;s —0, 0048 ~0,0047 —0,0047 -0,0046 —0,0048 f0.0051 ~04D057 -0.00ART7 -ND.00R7

—— 70,0000 0.0000 a.coao Q.0000 0.0000 0.0000 0.0000 o,o0n00 Na000D Q0000 00000

GE 15 99
. {[}ﬁf\}J ]?f&
(ggi}xégg)(jfi c}l}f&liflv{



TABLE 22.— PITCH MOMENT DERIVATIVE, EMB » Y =5, P=1,15

» 00,0000 01000 0.2000 0.3000 0.4000 0.5900 ¢, 6000 0.7000 0.P000 0,9¢00Q 1.0C69n

I

0.80 =0.,0040 ~0,0037 -0.0028 -0,0012 0.001)1 9,0043 0.0D%0 0,052 D.0234 003242 CLOETDH
0.70 ~0,0087 -0,0054 ~0,0047 ~0,0035 -0.0017 o,0008 0.0045 0.2094 0.0160 Ca02a8 0.,0353
0,60 0,007 -0.0071 -0Q,0065 =~0,0057 -0,0043 -=02,DD2% 0, 0001 o,.0D38 D.0GBE D.0152 ¢ «0232
0.50 -0.00B7 =0,0086 -0.00BE -0,0077 -0.00658 ~0.0056 -—-0.0038 -0.0014 0.0017 Q.0062 00118
0,40 ~0.0100 =D,009% =-0.0097 -0,0095 =~0.0090 -0,0084 -0,0075 ~0,0062 ~D.DD&& ~0.001LT 00018
Q.30 ~0,0111 ~0,0111 —0.G111 -0,01t0 =0.0110 -0,010% -0.0106 -—0.0102 -0.0096 —-0.0083 -~0,0062
0,20 ~0.0121 —0,0}22 —0.0123 -0,0124 =-0.0126 -—-D,0130 ~p.0132 -0,013R =0,013A8 —DeD135 =0aD125
G100 =0,0130 -0.D131 -0,0133 ~0,0136 -0,0140 =0.0147 -0,0154 ~0.01R2 -0.0171 ~0.0174 -G,0172
0,00 -0.0137 -0.0138 —-0,014! +~0.0145 =-0,0152 ~0.016] -0,0171 —DLDI83 —-0.019% ~G 02032 -D.0P0H

~0,10 <D,0143 -0.0144 -0.014Fp -0,0153 =-0,0161 -0,0172 -0.0184 =-0,0198 —0.0213 ~0.0274 -0.0P22

0,80 ~D,0148 -—0.0149 -0,01%3% -0.015% ~0,0168 —0,01B0 -0,0193 ~0L.0209 =D.0225 —0.0237 ~Da0244
—0,.,30 —0,0152 +0,01853 ~G.0157 -—-0.,0164 -0,0173 -—0.0186 -0,0200 «CG.0216 ~0.0233 ~Da.07245 —0.0253
—0,40 —0.0156 -0,0156 -0,0160 =0.0167 -—0,0177 ~0,0190 -0.0204 -0,0220 «~0.0237 040250 —D.0A5T
0,50 -0,0157 -0.0i58 -—0.0162 -0.0169% =-0,0179 =-0.0192 -0,0207 -0,.0223 —-0.0239 ~0.0251 ~0+0259
w060 -0,0158 ~040169 =0,0163 =-0,0170 =0,0180 =0.0193 =-0.0207 <-0.0723 —0.0236 ~D.0251 -D.0258
—0.70 ~0,0158 -Da.01BO0 -0,.0166 -0,0171 =0,0181 -0,0193 -~0.0207 -0,0722 =~0.023R —00RAD  =0.0256
-0 ,80 -0,0158 -040160 -0.0164 -0,0171 ~0,0180 ~0.0192 =D,0R06 ~0,07P0 —0.0235% —0. 0246k —0.0P87
-0 .30 ~0 0158 =0,0159 ~0,0163 =0.0170 -0.0179 =-0,0191%1 =—0.DR04 —0,0PL1R -0.,0P737 -0.0242 ~0 Q248
~1 .00 —0,0157 ~0,0158 =0.0162 -0,016% =0,0178 -0.0189 -—0,0201 -—0.0215 —0.0228 ~D.0235 -0 L,0RL4
-1.1D -0.018586 =-0.0157 -0,0161 —0,0167 ~D,0176 ~0,.0187 -—0,0199 <—0.,0P11 -0.0P24 ~Q 40233 ~0 40233
—1.40 ~C4,01%51 =Q0.0152 =-~0,0155 -0,0161 ~0,0160 -0.0178 -0,0189 =0,0P00 —D.0711 ~0aD71A “DW0223
—-3,00 —0,0115 -DJD117 -D.0119% ~D.G1R2 -0,0127 =-0,0132 -0.0138 -~0,0144 -—0.0151 —JaN15S ~0. 0157

s .0000 0. 0000 0.0000 0.0000 00,0000 0.6000 o,0000 G.0000 0.0000 0.0000 c.on0n

100



0,20

0410

-0 4 20
-0 ,30
~0,40
-0.50
-0.60
04,70
-0.80
-a;go
~1.00
-1.10
-1.640
-3.00

-co

0.0000

0.0000

0,0000

04,0000

O ,00400

6.0000

0,0000

Q,0000

0.0000

00,0000

0,0000

0 ,.0000

0.,0G00

G.0000

0,0000

0.0000

0.0000

‘0,0000

G.0000

0.0000

00,0000

0D.0000

0,3C00

0.G000

TABLE 23.—~ THRUST DERIVATIVE, E:—Tu s Y
c

0.1000

C.0038

0,0034

Q.C034

00033

0.G032

0.0031

040029

G.0028

0.0027

C.0024

0a 0023

Q.G021

D.00Z0

0.0019

0.0018

0.00180

G.0015

DaD0O14

D.Q014

0.0011

040005

0.,0000

0.20CGC
D.0135
00,0134
0.0132
0.0129
q.0125
0,0121

0.01186
0.0110
D.0104

00,0099

0;0093
Q.c088
Ga.C082
DL0077
0.0072
0,008
0,0062
0.0059
0,0085
00,0082
0.00a2
C.00186

T,.,0000

0.3000

D.0297

0,0298

D.0292

D,0285

0,0275

N.0265

0.0254

G.0241

G.0228

C.,0215

Q,0202

¢.0189

D.0177

D,DYIBS

0.0154

00,0143

00,0133

0.0124

C,011&

D.0108

0.0087

0 L.0030

o,0000

0.4000
0.0521
00,0520
0.95!3
0,0501
0.0485
D,04565
D.,0a43
0.0420
2.0395

0.0371L

0,03458
0,0323
g
9.0300
0,0279
0.0259
C.0240Q
o,0z222
00206
D,0190
Q,0176
0.0140

00,0042

G,0000

0.5000
0,0B813
0.0815
0.0806
0.0788
$.0761
0,0727
00,0690
06,0650
0.0608

0.0567

0,0527
0.0488
0;0451
L.0%16
0.035s
0.035+4
20,0326
4.0300
0,0276
00,0254
0.015%8
0,.,0080

0,0000

0.6000

0.,1200

0.1209

00,1198

0.116%

D.112&

0,1071

0.1009

0.0943

0.0876

G.O810

D.0746

0.06ES

0.0628

0,0575

G,0526

Q,0481

0,083

2.0401

n,03B6

0,033%

D.0255

0,7000

0.1721

D,1754

00,1740

O, 1/r93

QL1621

0.15830

0. 1429

0,1322

0,1216

Gailtl1l

T.1013

Q.0921

0.G836

00,0757

0,0686

0.0562

00,0509

¢,04m1

0.0a17

0.0308

00,0037

0.0000

DaBN0OO

D.2491

0.RP535

G258

0.72430

La23t3

DeP160

Te1993

01821

D.I6BH2

Talga}

0.1342

0.1205

Ca1081

Q«0969

0.0B6B

DeDTTT

G2 0RE

04,3623

D 0557

C.0a08

040353

J.0005

GeDOGE

De2DOD
03618
0 +3696
0 +3656
3515
2«3300
03040
0-?761
02484
Ce.2219

Gel974

QalT7ES
Ge 1581
£+1372
0a1213
De1073
QanDaR
Q0837
00739
CaDER]
0.0573
Q0383
~0.0052

G« 0000

1.0000
D+5231
0.53587
0.5277
045625
Da+4HSR
044225
0.3778
043345
Q42943

G «2579

Da2285
019370
Dal71%
Calbass
C«1307
Tell382

d.0989

Da761
D.0638
0.0392
~0.0147

0.64G00
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qu
9,840

0 .60

0,50

0,20

Q.10

-0 .20
=0 o 30
=0,40
-G .50
~0 o 60
0,70
-0 .80
=0 .40
—-1.00
—1.10
~1.40
-3.00

=0

102

TABLE 24.— ROLL

04,0000

0.0000

0 ,2000

0.¢000

0.0000

00,0000

0.00G0C

0,0000

0 .000a0

0.000¢

0 .0000

0 ,000G

0L.0000

0L0CQ0

0.0000

0L.0000

0,0000

0,0Qu0

0.0000

¢ .0000

C L0000

0,.,0000

0.,0006

U,0000

0,1000

-0.0007

~0,0009

~-0,0011

~Q.0013

~0«0D015

~-0.0017

-0,0018

-0.0019

~-0a.Q020

-0.0021

-0.0022

~0. G022

~0.0022

—Ca0023

~0,0023

~0,0023

~0.0023

—0.0073

—0.0023

—0.D0DP2

-hl.onzz2

-0.0017

0.0000

0.2000

~0,0013

-0,0018

~0,0022

-0,.0086

-0,0030

~0.0033

-0.0036

~-Q,0038

~-0.0040Q

~0.0042

~0.0042

~0.0064

~0.0045

-0,0045

-0.,0045

—0.0046

~0,0045

-0.,0045

—0.,00485

~0.,0045

-0.0043

-0.0034

0.0000

MOMENT DERIVATIVE, ELa s Y

0,.3000

—-G.0017

-0.,0025

—-0,0032

-0,0038

—0,0044

~0.0045

~Q.0053

-0,0087

-0.0060

-3.0062

~Q0.0064

-0 .0068

~0.0087

-0,0067

~0.0068

—0.0068

-0.0G&7

—0,0067

-G,00RT

-0.0066

=0.0064

-0,0049

0,C000

0.4000

~-0,0018

-0,0029

-0,0039

-0,0048

-Q0,0056

~0,.0064

~0.0070

~-0,0073

-0.007Q

-0.0083

—0.0085

=0 .0087

~0,0088

-0,0089

~0.0089

~0.0089

~0.008%9

-0,00E8

-0.,0087

-0,0088

-0.0083

—0.0064

0.0000

0,5000

—-0.0D018

—-0,.0031

-0,0045

-0.0058

~-0,0069

-0,007%

-0.0088

-G.0094

-0,014Q0

-0,0104

~0,.,0107

~0.0109

-0.0110

-0.,0111

~0.0111

~0.0111

~0.0L0

-0.0109

-2.0108

-0.0108

-c,0102

~0.0078&

o.,C0000

[

0.6000

~0.0008

~0.Q0248

~0.0047

0, 0065

~0. 0080

-0.00%94

=0.,0105

-G,0114

~d,0120

-0,012%

—0,017%9

~0.0131

~.0132

~0,0133

~0,0133

-0.0132

~N.0131

-0 .0129

-0 .0128

~0.012é

-0.0120

~-n.0082

Ga.0000

0,7000

¢.0003

~0.002%2

-G .004a3

-0.0071

-0,0092

-0,0110

~0.0124

~0.0135

-2,0143

-0,0149

“0,0153

=~ .01ER

=D,0D15A

=-0.0156

-0,0154

-0,0154

=0.,0153

-0.0151

-0, 49

-0.014k

—0,0139

~0.0106

0,0n00

O+H000

0.0023
=0.0010
~0.0044
00075
~0a.0103
-0.01725
~0.0143
~0.0157
~0.0167

-0.0173

=0.0177
~0«0180
~D«0180
—U.O]H%
~0a0179
—00177
—0.0175
—0W 0173
-0.0t70
~HaDYRT
—QeN1lH&
-Da0ir”1

DeDONN

09000

00064

00019

-0.0025

~0 0067

=G .0103

~0+0133

-0 0156

~0a0174

—0+0 186

—0.01%4%

~D«0192

~0a0207

“0.0203

-0+0202

=0.0201

-0.0109

~0a.0197

—N.01924

—0.0191

—0a01EA

—0.0173

—“Ba013R

(e $1eRbE]

1«0D0D

0.01135

00079

0.0020

-0« 0035

~0e00AG

~Ga 0124

=0aD185

~0s017F

~0+ 018K

-0.020%

Q40713

=007 1R

—2.0220

D270

=0.0720

—N«021R

~0.021F

~N«D712

“D.0711

~0.0209

=0.0700

~N 0156

O.0000



0.60
0,50
0 .40
0,30

0,20

0 .20

-0 .30

-0 .60
-a,70
-0 .40
—0;90
-1.00
-1s10
—1.40

-3.00

TABLE 25.— PITCH MOMENT DERIVATIVE, Eﬂu ’

0,0000

G L0000

0.0000

0 .0G00

Q,0000

©,0000

00,0000

a,.,000¢C

0 ,.,0000

0 L0600

C L0000

Q.0000

0,0000

c,0D00

o,0000

U.0000

0.0000

0,.,0000

0,0C00

0.0000

D4000D

40060

QL,0000

0.0000

D.1000
0.,004])
C.DO4D
0;0039
0.0038
G.0037
040038
0.0034

C.0033

0.0029

0.002AR
Q. 0028
D.0DD2E
e COA3
T.G022
0. 0021
0aD020
G,0018
0.0017
CalDYH
GalOO1 4
0. 0006

0. 0000

0.200C

o,00R7

D,.,00B5

43,0083

0.0081

0.0078

00,0075

0.0072

c,0068

CL.0065

C,006¢

0,058

Q,005%

0.D0B]

Le0608

0.0085

0.0043

00,0040

0,003B

0.0038

0.0034

D.0028

00,0012

0,0000

D.3000

0.,0141

o,0139

00,0135

00,0131

0.0126

00,0120

0D.0115

0.0L0%

G.0r03

0.0097

00,0091

0,008%

L0080

0.0075

0.007C

0.0066

L0062

0,00%8

0.0055

C.0058

O.0043

V.001%

0.0000

0.4000

d.0201

0.0194

0.0186

0,0177

c0,0167

0.0158
0.D148

0.0139

0.0130
!
0.0121

0.0113

%.0105

¢ .004G8
G.0092
0.0CRS
00080
D.D07H

DL0070

U.002%

C.0000

0,5%000

00,0301

0.07295

0.G287

0.0276

0.0263

C.0248

0.0233

o,0218

0,0203

00,0189

¢,0175

C.0162

D.0150

D.0139

0.0129

0.0120

0.0111

C,0103

0,0036

D.0090

D.0073

0.0031

0.0000

C

0.86000

D.0424

D.04&417

0.G4CH

C.0387

0,.0366

D.0344

0.0320

0,027

C,0274

0.02%2

0L,0213

D.,019%

N.0179

G.0165

00,0182

00,0140

G,.,0130

0.0120

D011}

N.G020

0.0038

0.0000

Y =5,

D.7000
0,0%9a
00,0584

00,0565

0.0505
0,08R9

0,.,0a3>2

D.034A}

0.032¢9

0.02Q9
0,0277
0.0767
0.022%
00,0205
0.01R8
D.0177
0.0188
C,014f6
0.0134
D,O107
O.0088

0.0000

P =1.15
DL2000 0.9000
0.0827 O.1141
N.0814a 0.1124
C«0784 0+1077
Q0741 01007
0« 0RRT 0.0924
0.0m32 C w0336
DK 76 Os07aR
00,0520 D 0RHH
DLDABE 0L.0591
N.04P0 D.0524
CGaD3TY D.0a6%h
De0339 QD414
D.OR0A 0.0369
Ge.0278 00320
O 0250 De0297
Qe P27 De01267
QaDP 06 QeQ2a2
Ta018R 00220
00177 Ge0201
NeDI18R Ve184
D025 D+01848
G-00571 Ga006&]
00000 Q0000
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1.0000
D+ 1534
D.1508
0.1435
Ge1327
Cs 1200
O0a1069
0.0047
DaORZH
NeD7Z3

D.0633

CL08%6

G e0as0

00285
0«0344
0.032G9

0.0278

ND.027%
N.020%
De01/3
000732

00000
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1.00

1.0

104

1.0R

lel?

lalh

Ya20

ta2Aa

Ya2R

1280

1450

}eErd

1e70

PeOD

RezD

2.060

300

5400

104

QL0060

Da1521

0.1521

GulB21

041521

Qel3el

Da1521

Ne¥S21

Gal15212

Na1521

Oal521

GalSH1

DalS21

NelR21

Nel%21

Da1521)

Del521

Nalh21

Oal1%21

Dal221

Delb21

Nal1521

TABLE 26.— THRUST DERIVATIVE, Cr, , Y
O

0.1000

Ca1840

041542

0.1550

0»1553

01554

Dl 565

U.15256

V1550

L1585

041553

0. 1551]

01550

Qal1563

O.i1548

Oulb47

Gel 546

DelB45

0s1545

O.,1544

Os1%544

0,2000

0.1598

O0.,lad6

0.1A17

D.1/37

Dal164a7

0.1654

DLlB5E

D16583

D,10aLY

J.1650

Uel6afn

Yalfly

QalBde

01029

D.1626

O,1R24

Ou.lB22

D.1R21

DelhBlE

0.1614

O,1612

C,1niz

0.3000

0.1694

0,1713

0,1736

Q. 1779

G.1801

.1817

DL1HZS

O.18250

D.1822

0.1813.

U.17%6

Q.17ne

DL.170#

0.,1758

D.1752

D.1748

D.1745

Vylvar

0,1733

Q.1727

D.1720

He1720

0,4000

0.1829

0.1866

0,1908

0,1981

02,2021

D.2047

DL.R062

0.,206T7

D064

0,7051

0.203%2

0.1998

TLURHD

TH198G

D.,1931

0.1921

C.1216

G.1913

0.,1910

0,1893

0.1879

0.1865

D.l&A3

G,.5000

00,2087

0.,2072

g.2141

D.2254

0.2316

D,23a8

9.2251

DL.2700

CL.2164

D.2141)

D.,z2131

0.2127

d.2126

T.E20G7

0.2070

D,2042

0D.2034

0.8000

0.22286

0.2323

J.2830

G.2R95%

0,270

0.276R8

0.279T

D.27399

DL.o7el

QL2731

DRERT

T R ERRY

DL, ATE

02520

UWRRAT77

ERLL]

-

0.72343

n.2297

07Pa7

N.27241

= 10,

. 7O0Nn0
N.Pa7a
0.2A33
N.?794
3034
0 3207
H.33:10

60,3363

n,azra

D,323n

0,127
=R T
0L PRDR
L2720
DL,0RTR
D Phhi
[T
eI -]

B.2703A

n,rs67
n.paATT

[t

a; ~

0WROOD
0.2740
0.3003
D.aPagq
043578
N.3R43
Daa013
0 Lalig
O gficiy
MeanEe

n.AROR

NL27eA
NeRann
PR
DeRBAR
n.3NyA
Ne 2000
LR
MNa3NE0
n.3070
0,200
OaPRE0
NapveR

O,2710

O«65000

0.7954

Da3z2R2

0 «3654

Tea211

O =aA?

) e AUOA

B am0nn

D eSn7a

D= 0NA

MMatPOZ

et 37

Owds YOS

DaRTT7H

D a3FFR7

O a3s50

MeZ&17

e3n 35

tre 2072

FeFay

eERADZ

OQeRi72

PE-1ET

OaPoes

l.0N0n

Na3035

043290

G e300g

ne&n19

Oy GAAT

a7

O af330

NaRA17T

Dap2nT

N, 86G7

e BARAT

NaEN27

M adibha

PTA TR

Ce3dD7

e 3GAA

Ne3uas

Nadp1 3

g 374R

N.351@

a3 RTG

He3PAR



1,00

leD2

lelia

l.08

el

Tsl6

1e20

1«24

1e2A

1«30

150

1490

2+00

2u1D

2e2D0

2460

F00

DD

00000

C.0000

-0.0000

-0e00G00

—0.0000

=0.0000

~J« 0000

~C.0000

—,0000

~0. 0000

~0.0000

=0 DQOD

—=0,.0000

-0«0000

-0«0000

~0.0000

-0« QOO0

=0, 0000

-0.0000

-0.0000

~0.0000

-0, 0000

DL0000

Oe.0000

TABLE 27.— ROLI MOMENT DERIVATIVE, ELB , v = 10, 6
o

Ceal OO

-0.0000

0.0002

0,02003

0.0004

0.0004

0.Q9003

0.0000

-0.0004

-0.0011

-0.0024

~040037

-0,0089

—-0.0072

~0.0094

~0D.0107

~0.0116

—0,0123

~0.0129

-0.0133

-0a.D143

—0e0147

~0eD151

=0.0152

0.2000
~-0,0000
0.0004
a.0007
0.0008
D.0009
0,0007
0.0001
-0,0009
—0,0023

-0,0047

~0.0075
-¢.0120
-0.0159
-G.01¢0
-0,0P15
~0,0P33
-0,0247
-0.025R
-0, 0PE6
-0,0”80H
-0.0294
~0.03203

-0.0304

0.3000

~8.0000

0.0005

0.001¢

G.0012

0.,C0013

C.0011

0.Gno2

-0,0012

-0,0033

-~0,0071

-2.0113

-0.0181

—-0,C241

=-3,0288

=~Q0,0324

-0 ,0357

~0,0372

-0.03688

-0,0400

-0.0428

~0.0441

-0 .0455

-D.0aS?

C,a000

~0,0600

0.0006

b,0012

C.001I5

G.0018

d,00186

C.0008

-0,001%

-0,0043

-0,009a8

-G.0152

-0.0246

-0 ,0326

-0 ,0390

-0.0439

~C.0474

~0.0500

-0.,0520

-0,0534

—0,0571

~0,05832

-6.nH0S

-0.0612

C.50C00

-0. 0000

GL,G007

00,0013

00,0016

a.,0020

0.0019

G.o0007

—-0,0017%

—0.00E3

-0.0119

—3.,0193

—0,031%5

-0,041%

-0,0500

~D.0560

=0.0603

~0.0634

-0.0655

—0 L0672

-0,0714

-0.0739

~0.DTHE

=0 ,0789

©.8000
-C. 0000
4.0008
G.0012
00,0020
00,0027
0.0078
00,0013
-0,0016
-0.0086%9

-0,0143

-0.0236
-0.0390
~0,0519
~0,0619
-0 .ORIL
-0.0742
00T TR
“0 0798
~0,0R14
~0,0R58
-0.0R91
-0,0027

=0.0030

C.7000
-0.0000
C.0005
GL.0011
a,0019
0,.0029
0,003A
0,0023
-G,0008%
=0.00/1

=0,0163

—0.N27TR
—0.0e6T
-D.0RRA
~N.0746A
~0,0R3Z
~0L,0R%1]
—-0.0028
—0, 09581
-0 L. 00RS
~0.1607
-0,1048
-n.1094

={,100R

L0000

00680

00303

G«000H

Q0014

00027

Da.00468

0D.0021

0.0009

=0 .0048

~0 D167

=0.0306

=0 .0%3R

—Q«077G

—0.0R75

—0+0979

—0e10aR

=041021

=~0+1115

~Del1PR

~Nellfs

~Ne171 3

~Dd1RT70

—0e1874

D+2000

—-04G000

-G 004

~0 0001

D.00048

0.0028

00072

U«00QR&

OaD0FRD

O.0007

~0s0131

—Na.0293

-0 .05/9

~0+0E03

~0«0GQRZ

=0a1112

—D«1201

~D« 1257

-0. 1288

—0a1303

—De 1337

—Mal3G]

~fralas?

=« 1451

10000

=-G.0000

—G«001R

-0+0023

—Na0026

DeOO2L

Ne0113

D 01A0

0L019%

Ge117

~0e0020

—Nen10%

—N0520

-0 «0RD4

~e102R

=0 «1197

=1 «137P0

01405

~ s lARD

=N s1441)

0. 14534

A 1) ]

-4 1 AR

=MNeiffER

105



TABLE 28.— PITCH MOMENT DERIVATIVE, EM » ¥y =10, 6. = 0

8 4
u 00000 a.10qQ 0.20090 0.3000 0.4000 C.5000 0.B000 0.7a00 DLANDND 0.9000 1eQ00N.
P

1+00 -0.0000 0.0P00 0L.0000 0,0000 0,0000 G.0000 —0,0000 ~0,0000 -0.0000 ~0.0000 «0.0000
1.02 0.0000 00006 0.0G1z C. 001G 0,0077 C.0035 0.0045 D.005A NeQDAG G«NOR1 QeD0G]
1.04 0.0000 Q.0012 0.0025 0.00329 0,0055 0,0073 0.0094 D.O11A 00145 CeD174 .020p2
1.0R8 0.0000 0,00P6 00,0054 0,0084 0,0114 QL0169 0,0703 00,0750 O D3RR Q.04a0P D OLRD
La2? N.0000 0.003%9 0.6080 t.0125 00,0176 00,0238 0,0305 0, 0N3RG Na0ega 0 W0ERY 0 4 (FFCE
1.16 0.0000 0,0050 0,0104 0,0163 0,0230 0,03L0 00,0404 0L.D&LR QaDEan GL0F7L 0aR7E
Y20 na.0000 0.0062 0.0127 0.0200 0.0283 G.0383 0,0503 0LDREAR  0L.DR1Z A OQAD Gatl2e
IaP4 T« 0000 0.0072 a.0149 0.0234 0,0332 Q,0451 0,059 0,NFEA 0871 tallAe 0el1379
HERA) 0.0000 C.onR1 D.0167 0.0263 D.0375 00,0504 0,0RT4 0,NR75 Del il e ]3R5 . 1A0Z
1438 —0,0008 0,009 .01 Ry 0.0267 D087 4 0L087Y 0.0TAS N, OnaA 0e17FRG Gel1571 DalPFI
1.80 =0,0000 0.0088 0,0203 a,0319 0,0455 os06148 D.0821 0.10AR Oe13AH Qe lh0a 042070
1,50 —a,0000 G,0102 04,0719 ¢,0333 0,0473 C.0647 0 L0RLT 0,inaq0 alug Gal7a4 e 200H
14606 ~0,0000 Ge0101 r,0208 0.,0326 0,0452 D.OB2S CL0HIA 0. 1065 De1380 041R70 0eR07P
1L70  —0.0000 Uy DOGA U.0197 0.,0308 0.0434 ¢.0583 0.,07RC 0,NA7A Na1235 elBal DW1RTY
1.80 ~-0.0000 Q. 0089 Q.0183 0 .0285 0.0400 Q.0534 .04693 Q.0RAS 01117 Oe1%0a fTal7T1l0
1,90 ~0.0000 D.0ORZ DL,O01&8 00267 0.0366 D.O4BA N.OB2A 0,07 558 01000 D.1PR1 [ T A
a0 —0D.0000 0. 0075 Q.D150 0,0239 0.,0333 0.,0440 D.0565 0.0714 D8 ir s Oel110 Del 201
Pal0 —0.0000 0.006% Q.0141 0,0219 0,030¢ 0.,0401 O,0512 0, 0Rras Oanaoa Jal008 (s1P58

Pafn =0.0000 C.D0DH3 D.0I2G O.0200 Q.0279 D.0367 G .OaRR 0 05RT NaN720 DeDIID w1138

Heb0 ~00000 0 .104% 0.,00u3 G 0145 0,.0204 0,0271 0,0348 N,Naza NaNE4A DeDABTH Na.0R3A3Z
JL00  —0,a03Q Q0034 Q0,00¥0 B.C0l09 00,0154 0,0PQ7 0,07269 0,044 0 eQaz? 00535 D GRRE
S«0G0  ~0.0000 Re0D11 DL,0024a D,0058 o,0052 0,0072 0,003 N.01IR DeDIay Qe1mN NaflP1G

wa =0.0000 ~J.0000 ~Qa.0000 o,0000 0,0000 n.0o00 N,00G60 N.,onnn 0.0030 QOO AaOnnn
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TABLE 29.— THRUST DERIVATIVE, ETB s Y
5

u 0.0000 0,1000 0,2000 C.3e00 0,4000 0,5000 0,6000 0,7000 0.AO0C 0.200a La0000
1400 —DebO0O 0.0235 0.04875 G,0723 0. 0985 D176 0,1574 O.iRep e2207 Qe2aRh 0 e2A78
1402 =040000 0.0203 0,0401 00,0749 0,1026 0.1333 Q. 1RAR n.P078 D.P6PR Qa2 ¥5A 4 R9RS
1.08 —0.0000 Q. 0251 0,0507 0.6776 G.1063 0,1397 N.1758 0.7173 0.PAR] 00,3004 0.36R7
1,08 =0.0000 0.NPES 0,053a 0,0820 0.1135 0.1493 0.1905 n.23a7 0,797 UrRER3 N, 4p77
1.12  =0.0000 Q. 0PTFO 0,0548 0.0844 G.1171 Q. 1546 0.19%4 0LPE3A (.,3195 0.39R7 DeGsan
1,16  ~0.0000 0L 027G ¢,0554 0,0858 o.11%2 01579 042084 Q,PAR1Y Ne3237 Q.appi 0 BRAT
120 -0.0000 QW0P 75 ¢,0559 0.0B6 a.l702 0,1593 0,2065 0.2653 He3Rog 0.t 0.55173
1424 ~D.00D0O 0,0275 0,055 0,0864 0,1203 0,153 0,2063 0 LRRSG 0a3401 GedHY D Ny BRRA

1.2B —-0.000D 0.0273 0.,0857 00,0850 T, 1197 C.1584 a,2046 D.2RRP Q«33A0 Ja2t 3PP Oehhen

1a34 —N.0000 0.0270 00,0551 D,08%0 0D.1181 0.1558 0.2002 0,2R49 0 eRPan D164 N.5751
1.40 ~0,0000 DeDZHT 0.0%43 00,0838 0,161 00,1826 n.1e50 N, PEAT TaF111 daranrn DeSNTA
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TABLE 35.— THRUST DERIVATIVE, Cr, , v
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$.10C0
Ge0Q022
00,0023
Q0028
0,0025
D.0027
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TABLE 36.~ ROLL MOMENT DERIVATIVE, E'La , y =10, 8, =0
Cc

H 0.0000 0.2000 C.2000 0,3000 $.4000 0,5000 0.600C a.7nan 08000 DecOO0 f,0na00
P
1.00 00000 -0.0000 «0,0000 ~0,0GG0 -p.0oo0 -0.0G00 ~0, 0000 =0.0000 —{ra 0N LU-DOO” =L non
1,07 00,0000 =0.0000 -0,.0001 —-{0,0001 ~0,0002 —-D.o004 —0,0000 -n. 0009 ~Na0014 =0aNeF3 0. 003k
1.04 0O.0000 ~D.000% -0,0002 -0.,0004 -0,0006 ~0,0008 -0.00L12 =0.0018 -N.0nas =0 a0038 —~0a0G06&R
1+ 08 G 0000 -0.0n03 -0,0007 -0.0011 ~0,0014 ~0.0019 -0,0023 ~—0.003] ~0a00an ~D«DER =0 L 0RA
1.12 0.0000 -0.0N06 ~0,0012 ~0.0017 -0.,0022 ~0,0027 -0,0030 -0,0038 =tenDan ~0 « DNSBE =Na.007n
lelfs 0.0000 -0.0009 -0.0017 -0.0020 -0.0030 ~0,0036 -0.0039 —-0,0047 =0 404 A 0004 =Na0n20
120 D.0000 ~-0,0012 -0,0024 ~0.0033 -0.0042 ~Q. 0049 —0,005%3% ~0,0087 ~0a00s7 BRI =Dahe
1e24 NL.000G ~0.0016 ~0,0031 -0.0064 -0,0056 ~0,006R -0, 0074 ~0 . 00RO =N NOA ] -0 ONAT =~Na0Nz20
1.28 N.0000 -J,D020 ~0,0033 -0,0057 -0.0077 -Q,00Rs  ~0,0009 -0,0111 1,01 15 =0 I0S ~0 10152
1a34 Qe Q000 -0.00256 -~0,00587 -0,C076 -0.0059 -D,0121 =D.0Vap =H,.01Ra D011 ~{y a0 1e2 =N a D146
TeG0 (eI —0L 0033 —-0,.0085 -0.,0096 —Q,0128 =Q.0156 ~0.0 158 =d.,nFE" —-00PER ~(1a02P71 = ef1Ph]
1450 00000 ~0,0042 ~Q.D084  ~D,DIZ20 ~D.L.0167 -0 0211 -0,0259 ~0,0712 —0,03R0 ~1s0A 1T —te0a3l

1560 0L 0060 =0.0050 -0.0100 =-0,0150 =0,0201 ~0,0255 -0,0F1% ~0.07R5 -0e0aR3 -Na053R -Na0RAR

170 DaDNO0 -0 0056 —0,0112 -0.0168 -0,0£75 -0 ,0R7&8 ~0,0388  -0.04a39 ~0a0537 ~0 e NAPK =070

180 N.0D00 —0.0060 -0.0121 =0.01B2 —0,0r485 —0,0312 ~0,03RB =0,0a7f -0.0R7TA  —0,06RG7  ~0,0800

1«20 N.0000 —0. 0064 -0.0128 ~0,0192 -0.0258 ~0,03P8 —0.0%08 ~N,N800 —Ne0AHDG ~Da.N7 3228 -0« OQRAN

2200 0.0000 ~0.00R6 ~,0L33  -0.019%9 -0.0267 —0.0380 ~0,0470  =0,0514 ~0aEFT —0 DT AT =N 020A

Zell) N.0000 =—D.006R ~0.0136 =-0,0205 -U,0274 -0 ,0348 =0,06R9 ~0DFFR —0W0RRA ~0 W 0T7E -0 L OGAR

2.20 0.0000 ~0,0070 -0,0149 =0,070% ~0,0280 =-0,0384 -~0,0435 —DL,NRPE =NWNARAD —Q40TTE =N, 008D
Z et B.OT00 -0.0073  -0.0146 —-0,0210 -0,0294 —0,03¥2 —-N,0a%7 —0,08S] =0 0862  —0.07d8 -0 ,.0a73
F.0D N.0000 —0.0074 —0,0144 =0,027a =0,0302 =~0D.GHEL =D, 0876 =—D,087FR —DORGA =0 NREA =~ 10t
Sa00 N.0DB0  —0.0075 —0,0187 =0.07228 =0.0210 -0,0396 —D,D491 —0,058R -0,0722  =0.086R =1y L0162

o 5.0000 —0.007TH ~0.0187 -0,0230 —0.0511 =~0.0397 —0.0893 =-0,0800 =—0.0724 ~040870  —0,1047
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TABLE 37.— PITCH MOMENT DERIVATIVE, E-Ma > ¥ = 10,
c
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Oe0020

deOz4
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L3000
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D.0068
0,0082
0,.,0094
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0.,0116

0.0122
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0.0118
0.0109
8.0099
0.00G0
D.00R2
00074
0,0068
0.06&9
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o,001>7
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00,4000
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0.,0075

00,0099

G0,0120

04,0139

C.0L54
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D.0180

D.0LARZ
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O.0146
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38.— THRUST DERIVATIVE, CTg , ¥ =
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TABLE 39.— ROLL MOMENT
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CL.0000

DERIVATIVE, Cpo , ¥ = 10, P = 1.15
(o]

Q.4000

0l.0091

0.0073

0.0057

0.0042

0.0029

0.0017

0,.0007

=0, 0001

-0.0008

=0, 0015

-0,0024

-0,0027

-G.D0O29

-2,0032

-0,0033

=0.0033

-0,0034

=D0.C031

-0.0008

0.0000

00,5000

Q0113

0.0081

0,007t

G.0G52

,0.0038

2.0020

0L.0007

=3 .0003

-0.0012

-0.0019

-D.0025

~0,0030

=0, G034

—0,0036

~0.0038

~0.0040

—0.0040

~.0041

=0,0n41

-0.,0037

-0.0029

—G.0010

g.0000

0.R000

0.0143

0.0117

n,0042

G.0DAS

G,0048

70,0029

0,.,0013

-0,0000

-0.00711

-0.0020

0L, 0027

-0,0033

-0.G037

-.0040

-0,00a2

-0.0044

~0.00485

~D.00as

-0.0045

-0D.0G041

~0.0DN3AR

~0.0013

0.0000

0,7000

N.0174

00,0143

00,0113

D,00R4

0,0058

D.O038

0.001AR

00,0000

-0,0011

~0,0022

~0,0030

—D.o03R

=-0,0040

—~0.0044

-Q0.004A

-0, 0028

~0,00a8

~0,0049

~{,0048

-0,00a3

0. 0035

0L, 0Nn1A

04,0000

DWfiGON0

00708

NaD171

0.N134

Da1D0

D.(06G

O.00al

O=0071

DL0003

—DenN]1 O

—0«0N7 2

-DL.00320

~D L0037

—Ga00az

-0.0048

~0aN049

—0.008%

—0«0050

=CaDOSND

—0.0050

=D 0049

~0.,003/

—2.001%

Qa0ana

HaGnoh

CaD2AR

0=NZ17

Oafll73

0«013]

CaOT4

TeDOR3

Ga0037

D.0016

= 0000

~0Oa010F7

—D.0022

~0affn3n

~O 40035

—C . 039

~a.0042

~0e0044

—0an0ak

~QeN0AR

—DaCOak

=~0.00a 7

=0 . 0036

=000

T« QOO0

10000

00338

D« 0PRE

DaDZPS

Da0175

Be131

GaiNGA

N afiAa

Qe0D33

NaO0>0

CL.O0005

—0a000R

-0uD015

—eG0P2

-0.0027

040031

=N.0034

~D.0036

~D 0037

-0« D039

~0.0n327

~0.00N33

—NL G020

00000

117



TABLE 40.— PITCH MOMENT DERIVATIVE, EMB , Yy =10, P = 1,15
0 .

u 2 ,0000 041000 00,2000 0 ,3000 0.4000 0.5000 00,6000 00,7000 D.BO0N0 0.5000 1.0000
B'41 .
0450 ¢ L.0000 QL0060 u,0123 Ge0194 0.0275 0D.0376 0.,0497 G, 0AREA DDRTE CellZhH Galand
0,40 0..N000 ¢, 0058 G.0119 GL.0187 0.0266 00,0364 T 0481 D, 0FR3R NeNA3? Cel0&S Del301]
0,30 00,0000 Q. 0055 B.0114 0.,0179 00,0255 Q.0348 0,04460 0,{h03 D«N7HET 0.09HA Dsl18]
0,20 0.0000 D. 0053 0.,0109 00,0171 0,0243 0,.0331 0,043 D,0865 D+0779 0« DAGRA Lo Nt
CalQ 00,0000 Q. DDEC 0.0103 Q.0162 0 .0230 0.0312 n.pan? QLORZS | NLOART D+ODRDRA T.0932
0,00 00,0000 NaDN48 0,00G68 Q0,0153 0.02186 0.0262 N.,037% TaDUB2 Da1ANA DT 72 TeOR10Q
0,10 a,c000 0.00a8% 00,0052 O.0144 D.D2ZD3 D.0272 D,0351 Gunnap Qa0547 CalR&2 0.0715
=0 .20 0,000 D.0047 J,0087 U,0135 0,0190 O.0253 N,0323 O.,0un3 DeDaG? DeQH70 O 0R3N
{430 Nn,0000 0. 0N&0 G.00DRZ 0.0127 0,0177 O.0234 6.0297 O.0AARY GaNab3 CLaOSNA D eDESS
=0 .40 0 ,UD00 D-0D037 LL.o077 0.0118 O.0184 OL,02106 0 LWOR7# Oy DAAR 0 NH2GA QaDASY D« NGARQ

—0 .50 0L.0000 D.00D3% D072 0.0110 2.015H3 0,.,07P00 D.,0749 0.03032 0«08 Da0an2 Ne 0433

-0 .50 0 .0000 De.0D3E 0.0067 QD10 D.0142 0.01B4 0,0729 0,0275 Na0374 O«0361 0038/

-0,70 0.0000 N.0031 0,0062 0,009& Q,01232 0.0170 00,0710 D.0751 G a0293 D.0375 DelZ4h

-0,80 0.0000 0.0029 0.0058 0,0089 0.0132 0.015%7 0.0183 n.nes2a 0.072RA Ua0293 00311

~U .90 00,0000 C.0027 G,0055 0,0083 00,0113 Ga.0145 ND.0177 QL0210 0.0740 00266 Da0287

—-1.00 G ,0000 Cu0nN25 Q.0051 D.O077 c,0108 0,0135 D.0163 0.0193 DaDPRR 00243 0.0256
-1.10 0L.0000 Q.0023 o.0048 0. 0072 0,0098 0,0125% 0,015% 00,0177 N.0203 Oanr22 0.0234
-1 20 0,0000 D,0027 0.0044 0.0067 0.0081 0,0116 0.0140 0,0164 040187 De{t204 Da406715
-1.40 2,.,0000 U.00D19 0.0o039 C.00%59 0.007% 0.0100 0.0121 n,0141 Da.01681 00175 NeQ1HY
~2.00 0.0000 0,0013 0,0027 ¢,0041 00,0054 0.006e3 0. 0083 0,00467 G.0110 Ga1121 Ge 12T

-3.00 0.0000 D.0008 0.0018& O.,0024 D,0033 0,00%3 D.0053 G,.0063 G.0073 VO0RY D WUDEAR

100D D,D000 O.0001 O.0002 0.0004 U.,0006 0.0008 0.0010 0.0013 DL0015 G001/ Da0017
- 0.0000 00000 Q.0000 00,0000 G.0G00 00,0000 0,0000 O.0N00 C.0000 D.0000 Ta GO0

ORIGINAL PAGE IS
OF POOR QUALITY



-0 .10

-0.20C

-0 .30

-0 .,40

=050

~0 .60

wld W TO

«D 80

=-0,90

-1.00

—1a.80

—1.20

1440

~72.00

—-3.0C

~10,00C

0,0000

0.0000

0,0000

00,0000

0,0000

-0.0000

~-0.00G0

-0,.0000

-0 ,G000

-0.0000

=0.0G00

~0,0000

~0,0000

-0 .00G0

-0,.,0000

-0 .0000

~0 L.0000

-0 .0000

-0 .00C0

-0 ,0000

-0 .,0000

-0 ,0000

~0 L0000

0 .0000
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“0.0174

-0.0204

~0.0229

-0,0248

-0,0263

-0.,0273

-Q.0280

-0,0284

~0.0Z286

-0.,02586

-n.0282

~T.0253

—0,01%9%

~D,0053

f.0000

0.5000

0.,0460

£.0342

0,0230

0.0127

6.0033

-0.0048

~0,0118

—0L,017R

-0.0726

~0,07266

~0.0297

-0.0321

-0,0339

—0.,03%2

—-0,0350

-0,0365

~0.0367

-0.0367

-0.0361

-0.0325

-0,0°54

-D.D071

0.0000

0.6000
0.0RB0
00,0433
0n,07291
0.0159
a,0039
~0,0054
~-0,0153
“~0.0778
—0,0289

=0.0D337

—-0,3378
—0,.0403
00,0424
-0,0a39
-0 ,064u9
-0, 0454
=0, 0u57
~D.0485R
-0, 088
-0 ,0805
~0,0370
—~0, 0095

N, o000

N.7000

N,0730

QaD54/

0 L,0385

0,0127

O.004%

=0, 008aR

=0, 0196

~0,DPET

—0,038/1

~0,Na1G

—0,0463

—0,0867

-0,0521

—0.N838

-0.054Q

~0,NE5R

—0.055R

—0 L DRGT

~-0,0549

-0, BE00

-0.0401

0,029

0,0000

N.8000

00476/

0s0A31

00aRd

DeDPaT

0. NOS3

=0.0110

QL0248

=DaaN=2&T

~N,Naas

—DenB1L

-0 4 Q8EA

=0.060%

—0aNF3Ra

~Da0654

—006K7

—N.0h74

—DNATHA

- ORTA

=0 0”71

=0 .:0A19

~0 L0508

=010

Da0NCC0

0,9000

Uel1G0

D+NDARA

00887

003058

DaNOAR

~0e0ikl

‘~p.030@

—Danand
—0 . pSAR

—0anR2S

=D 0RG2
~0 4 D73R
~0 0773
-0 L0798
-0 «DR15
—Da0A25
=0 08357
-0 LsDB24
—0.0CR30
Y

—0.0781
—QOBRT
=00 308

O.0nea

10000

0. 1530

Dellpe

NaD3R3

DaDNTR

~DeD1724

=Na037A

—Ne%ap

Pt oY T

=D DTAT

—0«0Rag

-Na.000>

—0a.0947

~0.0Ga0

-0 1005

010272

—0.1034

~0a 1041

-0.1045

=0 .100R

=1 . 0898

=0 L OB0T

AL 0N00



I

0,50

Q.00

0.30

0.10

~0,10

-0 ,20

~0,30

=0 ,40

-0.50

-0.60

-0.70

—-0,80

-0.90

~-1.00

~1,10

-1.20

—-1.40

-2.00

~3a00

—-10 .00

0.,0000

~0,0158

~04,0154

-0,0152

~D,0150

-0,.0146

-0.014p

-0.0137

-1.0132

-0.0126

~DL.0122

—GL.0118

-0.0109

-0.0103

-0 .,0098

—-0.0092

-0 ,0087%

-0 ,0082

~0,0077

~0,0069

—0,0048

-0 00729

-0 ,0003

0.0060

TABLE 45.— ROLL MOMENT DERIVATIVE,

041000

~CeO154

~0.0154

—0.0152

—0.014%3

—-0.01456

w0142

~0.0137

—0a.0132

~0.01286

—-G.0120

-0a.0315

=0.010CG9

-0,0103

-G 0097

~CuaDO92

—0.D0ET7

—-g.0082

—-G.0077

~0.0069

~0+0048

~0.0029

-0u0003

G.0000

n.,zo0Q

-0.0151

-0,.0151

-0,0150

-G,0148

~0,0185

~C.0t51

~G.0137

—0.01372

-C.0126

—0.0120

~0.0115

~0,G109

~0.0103

~0,00G7

—-0.00%92

—D.0087

—-0.0082

—-0.0077

-0 ,0068

~D.0048

-3.0028

~Q.0003

4,G000

0.3000
~DL.0147
-0.0148
—0.0148
-G .0147
—Ca01la8
-G .0141
~0..0136
-0 ,0131
—0,0126

-C,0120

~0.011a
-G.01Q9
~D.0103
—0.,4697
-D.0092
—0,0087
=-¢,0082
~0.0077
~0.00638
~0a.0048
-d.0028
-0,0Q02

d.0000

0 .4000

~0,0141

—0,01448

~0.0145

—0.0145

-0.,0143

-0.,0140

-0,0136

—0.0131

~0.0128

-&,0120

—0.0114

-0.9109

~0.0103

-0,0G97

-0.0092

~-0.0087

-0.00872

-0,0077F

-0.008&9

=0.004a9

=0,0029

-0,0002

a,200¢

0.5000

-0,0134

-0.0138&

=0.0141

=-a.a142

-0,0141

-0.,9138

0,013

“0,0130

—-0.,0125

-D,.,G11@

-0,0114
~0,0108
-~0.0102
~0.,00%57
-0,0092

~-0.0087

-0.00A2

-0,0077

~0,0069

-0,0049

~0.0029

~D.0C03

0.0000

CLBC’ y =10, P=1.15

0.6000

-0,.0124

-¢,0132

~0.0137

~0.0139

—-0.013%

—0.0138

-0,0135

~0.0130

-0.0126

-0,01720

-0,0115

~0.0109

-0.010a

=0.03099

-0.0093

~0.0089

-0,.0084

-0.,0079

=~0.0071

~0,0052

-0.0032

-0.0004

0,0000

Q,7000

-0,0117

~G.017A

-0.0137

-0.013A

=0.0137

=G 0137

-0,01324

-=0.41 31

-0,012A

=-0,0172}

~0,0116

-0.0111

-0.0108

-0.0101

-0,0098

=0.002]

~D ., 00”7

~0,00R7

~0,0075

-0, 0058

-3,0035

~0.000/

T.0000

0.,8000

-0.0106

-D«0118

-0eN127

-0«0132

—0«0138

—0.0135

~0.0133

~0.0131

~0Da0127

«De1P7

-0.0D118

-040113

-0.010A

-0.G108

~040099

~D.nnos

—0.004]

—D.GNRT

-0.0079

—0+0DR2

—0.004a1

—0,.,0010

040000

03000

-0.0063

~Jx 0108

-~0+0120

~0a01729

~0.D133

~T.N138

-0 .0135

—-GW0133

~0«0130

~3«0107

~De0123

=0.010192

~D.0115

=0.0111

-G«0107

—GeC1603

-3 005%

-0 L00%6

-0 .00RY

=0.0073

=G +DOSR3

=0.001F

O=0000

1.02000
~0.0078
~0.0097
“Ne01132
-0 178
~0a0132
0136
«~0=013R
-0.0137
~0u0136

“0a0134

~Ns0131
-0.0170
=0a.012%
—Ne017Z
00119
=N«011458
-0«0113
-D.0110
~Ge0104
~Da.00BQ
“0. 0070
~0.0033

0.0000

123



~0 .10
-0 .20
-0 ,30

-0 .40

~0 .50
~0.60
—0,70
—-0.20C
-0,50
~1,00
1.0
~1.20
—1.40
—Z.00
-3,00

—-10,00

124

-0 0006

-0 ,0015

=-0.0023

—-0,0032

-0.0035¢

=-0.0048

-0 ,.,0063

-0.0058

~0,0063

~0.0065

-0 l.0071

-0 ,0074

—-D,CO076

~0 .0078

-0.0079

-0,0080

~0,0081

~0 L,0081

-0 ,0080

~0,0075

~0,0064

-0 ,.,0025

O L.,0000

TABLE 46.— PITCH MOMENT DERIVATIVE, Eﬂe
C

01000

—0.0005

—-0,0014

—0. 0023

-0.0031

-G, 0039

—-0.0047

—-0,0053

~D.0059

~0.0064

~-0.0068

-0.0072

-0.0N75

—0.0077

~0.0079

-0.0080

-0.0081

=0.0081)

~0.0081

~0.0081

-0.0075

-=0.0064

-De D025

0.0000

0.2000

-C.0G01

-0.0011

-0.0021

-0,0031

-0.002%

-0,0047

-0,0034

-0.0061

~0,0065

-0.007]

~-0,.,0074

-0.007%7

-0.0080

-0.,0081

~-0,0083

~-0,0083

—-0.,0084

-0.0084

-0,0083

—-0.,0077

-0.0065

~0,002%

0.0000

0.3000

0.0005

-0.0007

~-0,0018

~0,.002¢

-0.0040

-0 .0049

-0.0057

Q0054

-0,007C

-G, 0075

-0.0079

-0,0082

-0,0084

~2.0086

-0.0087

~-0.D0AB

-0.00688

-0,00845

-Q., 0087

~Q0,0080

-0.0067

-0.0026

02,0000

©,4000

0,004

-0,0000

~0.0014

-0,002Z8

-D,C040

-0,0051

-0,.0060

-0.,00568

-0.,0075

-0,B0R0

-0,00R5%

-0,0088

~0,0030

-0,0092

-0.0093

~0 L0094

~{,0094

-0,0093

-0,0092

~3.,0084

—-0,DO70

-0,0026

D,.0000

¢.5000

0,0027

¢,0008

-0 .000%9

-0,.00286

-0 ,0041

-0,0054

~0.0064

-0.0075

-p,0082

-0,D0088

-0,0093

~3,0097

~-0,0099

-3.0100

—-0.0101

-C.0t02

-0.0101

~0.0101

-0.,0099

-0,0090

~0.0074

-0.0026

0.0000

0.6000

0.0045

0.0021

-0.0001

-0.0D022

-Q.00al

—-0.0057

—-0,0070

-0.0081

-0 .0090

~0,0068

-0,.0101

~G,0105

-0,0107

-0,0109

-0.0109

-0.0109

-0.0109

~D,0108

-0.0lo0s

~{1 . 0095

~0.0077

-0 .0N27

0,Ga00

a,7000

00,0068

0,0037

0.O00T

-0,0018

-C,0041

-0,0061

00,0077

-0,0090

—-0,009%

-0.0107

-0,011E

-0,0118%

-0,0117

—0.0118

-0.0118

-0.011L8

~0,n117

~0,0116&

-0.0117

~0,0100

~-0.0n04a1

~0,0028

0.0000

0.8000

00097

00057

Ta0019

—0+0014

~a0043

—-0.0067

~ 0, NOBH

-0.0100

—0.7111

-a0118

—0.01324

~0.0127

~0.n128

—0eN128

-Q.01P9

—0WN12K

—0.0127

—-0.0175

-D.012}

-Q.0108

-ND+O0RS

~0.0029

00000

3 Y’ = 10, P = 1- 15

D.2000

0+C136

QDO

Qe Q35

~0a0006A

~0.0041

-0« DOESD

~¢,00Q0

—0aGl0H

~0.0D117

-DsQ125

~H«N 130

~Q.3133

-D.0138

~0 a0 134

-0.0134

-0.0133

—eD131

~-Ga0129

D028

-0.0109

-0 0085

~0-002%

00000

1.0000
Ga179
9.0113
00054
D.0003
~01.0036
-0 HOAT
~0 L0021
~n.0107
~0a0119

-0as0127

=0e0132
~0.013H
—N+D136R
—0.0136
-Na.0133
~0.01332
—0«0131
-0+0129
—0.0174
~0.010hR
-N.NoD8e1
~G.0027

0 L0000



4y
0 .50

0.al

430

0.20

~0 450

-0 .80

~0,70

-0,80

-0.,%0

~1 .40

-2a00

-~-3.00

—[0,.,00

-

0.0000

0.0000

C.0D00

0 .0000

D,0000

0,0000

0,0000

0,C0000

0,0000

0.0000

0,0000

O L0000

0,0000

0.0000

0,.,0000

0,0000

O L0000

D,0000

0,0000

0.0000

0.0000

5,0000

0,0000

0,0000

TABLE 47.— THRUST DERIVATIVE, Cr, , v = 10, P
C

0.1000

0200320

L0033

0.0032

0.0030

D O029

C.D028

Ga0026

D400248

0.0023

0.0n21

0.0020

00,0019

Ja0017

D.0016

0.00195

Ge0014

C.0013

0.0012

0.0010

0.0007

C.0004

0.0002

0.0000

Q.,2000

0,0133

D,012%

0.0124

0,019

0.0113

0.0108

00,0101

L.,009%

0.008G

00,0083

0.0077

Q.0072

DL 0006

D.0061

0,0057

G,0052

0.00448

0.0045

0.00328

C.0025

G.0C14

0,.0006

0.0000

0.3000

0.,0220

D.0282

00,0272

¢.0261

0.0248

0.0234

0.CZ220

0.0206

D.0102

G.017&

0,0165

0.0157

G 0140

o.012%

0.0119

0.010%

00,0101

T.0092

o.0078

0,0048

0.0024

Q.D004

0.0000

0,4000

0.0501

L0489

0,.,0473

00,0453

0,.04320

0.0406

0.0380

0D.0354

0,0328

0.03¢3

0,023%

0.0215

2,01986

0.0179

00,0164

0.0149

0.0125

CGL.0073

00,0030

~0,0010

0,00040

P.5000
00,0772
0.07586
D.0732
0.0700
0.,0663
0,0623
0.0581
00,0538
2.0496

0.0455

D.04816
00,0380
0,0346
0,0314
Q,0285
0,0259

0.0735

O.Dl?é
0.0095
0,0030
-0.D043

0.0000

0.6000 0,7000
0.1119 0,1583
D.1100 0. 155R
0,106% N.1503
0,1017 0.1427
0,0959 0,1336
G, 0896 0,1737
0.0829 0.1134
¢.0762 0,1037
0.0687 0.0G35

0D.0635 C.D8az

N.0576 0,767
g.0521 0.0R7TR
0.0470 n.0DAN7
0,0428 0,0%42
0.0352 0,0484
0,033 0.0431
0.0309 00,0383
n.0277 D.0RE1
0,02723 0.0267
0.0111 0,0119
0,0019 =0.0004
-0,0098 -0,0180

0.0000 0.,0000

ORIGINg
OF PooR

= 1.15

0.2000
Ne2220
De2177
C.2088
0 1GARE
0.18P0
Dalh64
01508
0a135A
Gel?iR

0w 1082

G 0961

0.0755
00667
VL0589
0.0519
0.0457
00401
D.0305
00114
—0.0046
~0a.02390

[arSeXelife]

L PAGE 15
v QUALITY

D.5000

Q.31°P7

NDe3083

De2ER4

Qe 26H7S

Oe2439

GaF197

BER LY

Qw1739

Fal53H

D« 1350

0411R8

Ga1039

00508

D«0753

020691

O «06HTOG

Q.0619

CeDaa’?d

00328

Q. G0A4

-0.0173

~0.0433

V.0G00

10000
044362
094188
13906
Da3R61

0.3192

D.2486
D.2174
GelRG3

Delrag

Nala?rs
Qw1237
Ne10&2
0.0913
Q.07R2
Ve DAER
N«0563
D.047T2
0.0318
Ta3013
-0.025%
=0a.062P9

0.0000

125



0,30

Q.20

-0,10

=0 420

~0,.40

-0.50
—0.60
-0,70
-0 ,80
~0,90
-1.00
-1.10
-1.20
—1l.40
- 2,00
—3«00
~10.00

oo

126

0.0000

0.,0000

0,0000

0,L,000C

a,0000

0,.0000

0,0000

0,0000

¢.0000

a.,0000

0,.,0000

0.0000

U ,0000

0..0000

0D,0000

0,.0000

0,0000

Q,0000

¢ L0000

00,0000

00000

0.00G0

0,0000

La.0D00

00,1000

—-0.0002

~Q. 0004

~0aDGOS

~1.00086

~0.0DC7

~0.0D0R

~0.0009

~0,0010

-0.0010

—0.00112

00011

~G.0012

—C.0012

-0,0012

—0.0012

—-0.0012

~-0,0012

~0.0012

—Ge.0012

=0.0012

~Cs0010

=~0.0005

00000

0D.2000
-0.0004
~G,000%
-0.000%
-0.0¢011
~D,0DY 4
~0.GD16
-0,0017
~0.,0019
70-0020

~0.0021

~0.0022
=0 ,0023
—0.0024
~0.0024
~0.0025
~0,0025
~0.0025
~¢.0025

-0,0025

~0,0020
-0.0011

o.0000

-

-0,0023

0.3000

—0.0004

-¢,0b08

—0.c012

-0,001%

~0.001%

-0.0022

—-0.0025

~G.o028

-0,0030

—0.0032

o
I

0,00

-0.,0034

-0,0035

~0.0035

~C. 0038

-0.0037

-0,0037

-D,0037

-0,0037

-2.003%

~0.0030

~0.0017

4.0000

0.4000

=D.0G00

-0,00cCE

~0,0012

-0,001B

~-0,00223

-0,0028

-D0.0032

-0.,0035

-0.0638

=0.0041

-0,0043

~0.0045

—0.0044

-0,0047

-0.,0047

—U.DO%B

-0,0048

-0,00482

~0.0048

~0,0045

~0,D0040

-0,0025

00,0000

TABLE 48.— ROLL MOMENT DERIVATIVE,

0.5000

0.0003

—-0.0004

-0,0012

-0,.,0020

-0,0027

-0,.,00323

~0.00309

-0,0043

-0.0047

-0,005t¢t

-0, 00583

-0,0055

-0,0057

—Q.0058

~Q.0059

~0.0059

~0.0059

~0.0060Q

-2,005%

—-0.0056

-~0.0050

-C.0034

0,.,0000

ELGC, ¥ = 10, P = 1.15

0.6000

00,0013

0,c002

-0,0008

-0.001B

-0.0028

~(.0035

“0.0043

—0.0050

-0 .0054%

-0,0059

-0,0062

-0,0065

=-0,0067

~0,0068

-0,0069

~0.0070

~-0,0070

—Q,007C

=0.00¢70

-0, 0067

-0.0060

-0.0045

C.on00

O,7000

G.0024

a,onq9

=0,0004

~0.0047F

=0.0029

~0,0040

-0.,004%9

~0.0057

-0.00R3

—0.00RQ

—0,0073

~D,.007A

-0,007R

-0,0080

-0,0081

-0,0081

-0,.0na2

-a,0082

-0,0087

-0,0078

~0.0072

-0,0088

a,o0000

D.8000

D036

Da001R

240000

~C.N01H

-0+D03A1

-0.0045

=D.O056

~(+ 0065

~0e0073

~Ne0079

=D L,00R3

~0+D0ORY

—0.008%9

~2.009Q1

~0.0093

-C.0024

-0.0094

—0,009¢

—0,0034

-~DL002)

—0.0087

=0.0074

C.0000

O.5000

0.0080

0.0037

D.0013

=0 a00O0A

—-Q«0028
~0=(045
=0 +005%9
—0D.0070
-Q.0073

-0.400R7T

~0.0N092
—D«00%7
~0.0100
00102
~0,.,01064
~0.0106
~0«0106
~0e0107
-0.D107
~0+ 0108
-Ga010&
-0 .0092

D.0000

L0000

D.00885

0+00R4L

0.0034

Delnns

~a0019

~0a0nal

-0.3058

00072

—N.Q0R3

=0.0087

—D+0099

=N.0105

-0.0110

—C.0113

~Ca.011h

~0.0118

~0.0120

-0.0121

~0+0127

~0+0123

-0.0124

-N0a0111

0s0000



)Y
.30

C.a0

-0 .30

=0 .40

-0.50
—0,50
-0.7C
-0 .80
~0 .90
~1.00
-1.10
-1+20
~1440
—2.09
-3.00

-10,00

-0

TABLE 49.~ PITCH MOMENT DERIVATIVE, Eﬂa » Y
c

0.0000
0.0000
C.0000
0.0000
0;0000
00,0000
G L0060
0.0000
c,0n00
,0000

0,0000

0.6000
00,0000
¢ .00C0
7 «00480
0.,0000
a.,o000
0L.0000
Q.0000
0,0000
0L.0000
0,0000
0.0000

0 .0000

00,1000

g.0021

0,0021

0.0020

Q.0020

D«0019

Q. G015

oc.0D18

DL007

D,0017

0,0016

0.001%

0,0014

G.0013

0.0013

Cla0D}2

0.0011

0.0011

G G010

0.0009

D.CD0H

G.C003

C.0000

T G000

C.2000
0,0044
0.0084
0.,0043
0.0642
G.0041
0.00480
0.0038
c,o0037
$.0035

0.0032

OL.0031

0D.0030
G,.0028
0.0026
0,002%
0.0023
Q.Q022
0.0021
0,0018
0.,0012
0.0008
¢.0001

00006

0.3000
0,0073
0.0072
0.0070
L0069
D.,00656
Q0064
0,0061
0.0058
00,0058

0,.0052

0.,0049
00,0045
0.0042
0.0041
00,0038

Q.0036

0.00?8
22,0019
o,0012
00,0002

0.R00CD

0,4000
0.0109%
00,0107
0.0105
0.0!?1
C,0097
0,.,0063
0.0088
G,.0083
©.0078

D.0078

0.006%
0.0068
G,0060
0.0056
G.0053
3.0043
0.0086
00,0043
00,0038
Nn,0026
J.0017
0.0003

0.0000

0.5000Q

00,0157

0.0154

0.,0149

G.0143

ND.0L356

0.,0129

c,0121

D.0114

D.0106

0.00%9

0,009z

0,0085%

G.007%

D.0073

0.0068

G,0063

0,0059

D,0055

0.0048

D.D033

C.0021

0,0005

00,0000

GL.6000

0.0720

0.,0715

n,0207

G.0197

¢.0186

0D.0175

0.0163

0.G15)

G.0139

00,0128

0.0118

0.01089

C.0100

o.0092

0.0088

00,0079

Q0073

0. 0068

00,0089

G.0040

a.0027

0.000R

0.0000

B

10,

0.0208
0,.0728%

C.0PAR

0.0213
00,0195
0,01748

0.0162

00,0148
0,013%
00,0123
0.,01LE3
0,0103
0,009%
0,00R7
D,0081
0,0a70

0.0048

o,0011

0.00G0

P=1.15
0.AN0E 049000
G.0a2R 0=05R2
c.atl DensE2
DL.0R88 Ca0513
DaN3A1 Ds0URA
O.0331 DeD&Z?
4.0307 00377
0.0273 CWD33A
DeDPEA  D.0298
D.0272 040266
0.0700 0.0237
GeaDIBD CeCR211
0e01A2 0.01RQ
020147 0e0171
0.0134 Q.0154
GLn1P2 0.0140
N.nt11l OeD128
D.0i07 0.0117
Q«N094 0.010AR
D+0081 Ce0oW2
0,005k 00065
DL003A 040047
0«01 4 G.0018
0,0000 G.n000

1.06006
D OTRT

NeDT14

,0.0/89

0.0%80
GeCG513
NeOas1
Q0365
Qa03as
O.N2DA

0.0270

Na0Pa0
0e0214
040192
0a0173
UW0157.
0eD143
0.9131
0a0121
0-0155
0L.0076
D.005H3
De0GES

N.0DGO

127
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